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THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of 
science  and  technology  relating  to  aerospace  for  the  following  purposes: 

-  Exchanging  of  scientific  and  technical  information; 

-  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence 
posture; 

-  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development; 

-  Providing  scientific  and  technical  advice  and  assistance  to  the  North  Atlantic  Military  Committee  in  the 
field  of  aerospace  research  and  development; 

-  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations 
in  connection  with  research  and  development  proolems  in  the  aerospace  field; 

-  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

-  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities 
for  the  common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are 
composed  of  experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Program  and  the  Arrospace 
Applications  Studies  Program.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO 
Authorities  through  the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  4GARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 


The  material  in  this  publication  has  been  reproduced 
directly  from  copy  supplied  by  AGARD  or  the  author. 
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PREFACE 


In  November  1954  the  AGARD  Flight  Mechanics  Panel  held  a  Meeting  on  Rotary  Wing  Aircraft  with  emphasis 
on  flight  testing.  Since  that  Meeting  the  Panel’s  technical  program  has  stressed  developments  in  non-rotary  wing 
V/STOL  aircraft.  However,  it  wis  recognized  that  significant  advances  in  the  field  of  rotorcraft  were  occurring  in 
the  late  1950’s  and  1960’s.  In  196V  the  Panel  decided  to  organize  a  Symposium  on  the  subject  of  advanced  rotor- 
craft.  The  objectives  of  this  Symposium  were  to: 

-  Review  the  experiences  gained  from  existing  helicopter  operations 

-  Review  the  lessons  obtained  from  flight  tests  of  experimental  helicopters 

-  Discuss  the  future  of  advanced  rotorcraft 

-  Diccuss  improved  ground  test  facilities  for  research  and  development  of  new  rotorcraft. 

The  Symposium  brought  together  research  scientists,  designers,  flight  test  engineers  and  military  personnel  for 
an  in-depth  exchange  of  views  on  the  past,  present  and  future  of  rotorcraft.  The  papers  presented  at  the  Sympo- 
si  m  are  published  in  Volume  I  of  the  Proceedings.  Volume  II  contains  the  lengthy  open  discussions  which  followed 
the  presentations  of  the  papers  and  the  two  round  table  discussions  on  the  subjects  of  Advanced  Rotorcratt 
Technology  and  Special  Large  Wind  Tunnels  for  V/STOL  and  Helicopter  Studies. 

The  Symposium  was  held  at  the  NASA  Langley  Research  Center,  Hampton,  Virginia,  USA  which  gave  the 
participants  an  opportunity  to  see  many  ground  and  flight  test  facilities  used  in  helicopter  research. 

J.BEEBE  Ph.POISSON-QUINTON 

Program  Technical  Co-ordinator  Program  Technical  Co-ordinator 

Former  Member,  Flight  Mechanics  Panel  Member,  Flight  Mechanics  Panel 


AVANT  PROPOS 

En  Novembre  1954,  le  Groupe  de  Travail  de  la  M^canique  du  Vol,  de  I’AGARD,  organisa  une  reunion  sur  les 
Aironefs  it  Voilure  Toumante  et  plus  patticuliircment  sur  ieurs  essais  en  vol.  Depuis  cette  reunion,  le  Groupe  a 
mis  I’accent,  dans  son  programme  technique,  sur  les  dtlvelopperr.ents  dan;  le  domaine  des  avions  ADAC/ADAV  a 
voilure  non  toumante.  II  fut  reconnu  toutefois  que  des  progrth  importants  avaient  matquti  les  giravions  vers  la  fin 
des  annles  50  et  dans  les  annles  60.  Le  Groupe  d£cida  done,  en  1969,  d’organiser,  sur  le  thdme  dcs  giravions  de 
conception  avancle,  un  symposium  ou  seraient  poursuivis  les  objectifs  suivants: 

-  Dresser  le  bilan  de  (’experience  acquise  sur  Its  hdlicopt6res  en  service 

-  Passer  en  revue  les  lemons  titles  des  essais  en  vol  sur  helicoptOres  experimentaux 

-  Etudier  I’avenir  des  giravions  de  conception  avanede 

-  Etudier  les  installations  au  sol  amtlior^es  pour  la  recherche  et  le  developpement  de  nouveaux  giravions. 

) 

Ce  Symposium  riunit  des  chercheurs,  des  concepteurs,  des  ingenieurs  d’essais  et  des  militaircs,  et  les  fit  parti- 
ciper  4  des  ^changes  de  vue  approfondis  sur  le  pass£,  le  present  et  I’avenir  des  giravions.  Les  communications  presentees 
4  (’occasion  de  ce  Symposium  font  I’objet  du  Volume  I  du  Compte-Rendu.  Le  Volume  II  est  consacre  aux  importants 
d6bats  publics  qui  suivirent  la  presentation  des  exposes,  ainsi  qu’aux  deux  "tables  rondes”  sur  la  Technologie  des  Giravions 
de  Conception  Avanctie  et  sur  les  Souffleries  Sptlciales  de  Grandes  Dimensions  pour  Etudes  sur  appareils  ADAC/ADAV  et 
sur  hllicoptires. 

Le  Symposium  eut  lieu  au  Centre  de  Recherches  Langley,  de  >a  NASA,  4  Hampton,  Virginie,  aux  Etats-Unis,  ce 
qui  permit  aux  participants  de  rendre  visite  4  de  nombreuses  installations  d’essais  en  vol  et  au  sol  pour  recherches 
sur  hilicopteres. 

J.BEEBE  Ph.POISSON-QUINTON 

Coordonnateur  Technique  du  Programme  Coordonnateur  Technique  du  Programme 

Ancten  M..  .bre,  Groupe  de  Travail  de  Membie,  Groupe  de  Travail  de  la 

la  M4canique  du  Vol  M&anique  du  Vol 
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LE  VOL  TACTIOUE  DE  L’HELICOPTERE 
ET  LES  REPERCUSSIONS  SUR  SA  CONCEPTION 


-  Commandant  M.BER'tHOUX  -  Aviation  Ldgdre  Armde  de  Terre  - 
-  SERVICE  TECHNIQUE  DE  L’ AERON AUT1QUE  - 
4,  avenue  de  la  Porte  d’lssy  -  PARIS  ISdme 


i*/  -  avajit  phdpos  - 

La  beaoin  pour  l*a  force*  terreatr*.  da  rdaliaer  um  certain*  adrcnobilitd  conatitue  un*  dea  conad- 
quancaa  d«  1' apparition  da  l'aiaa  utcaiiqu*  aur  la  cheap  da  batailla. 

Op,  ai  las  dtudaa  ralativaa  A  l'aaploi  da  l'aro*  at  caique  aattant  as  luaiAr*  ca  caractara  trta  ao- 
bila  qua  doit  ravdtir  ddaoraala  la  aanoauvra  daa  forcafe  tarreatraa,  allaa  acwlignent  dgalaaant  l'obatacla  A 
cotta  aobilitd  qua  rlaqua  da  eonctituar  un  terrain  boulavarad  par  1m  frappaa  nucldairea. 

C'aat  alora  qu'apparalt  tout  l'intdrlt  qu'offr*  l'aaploi  d'unitd*  tactinaaa  diapoaant  an  prop ra 
da  vdhiculaa  adroaobilaa  laur  pamattant  da  aanar  un  coabat  tarraatr*  A  partir  d'un  aapaca  dit  "adrian". 

Aujourd'hui  la  vdhlcul*  adronobil*  atandaid  aat  "l'hdlicoptir*".  Oonna-t'il  antiAraaant  aatiafae- 
tion  A  acr.  utiliaateur  tarrwatra,  pour  aanar  aa  batailla  ?  Sana  fair*  prauv*  da  trop  d'lntransigaanc*  la  rd- 
ponaa  pourrait  Itra  ai&tir*,  ear  A  la  liaita  la  choir  du  coabattant  tarraatr*  a*  porterait  plutbt  vara  un  vdhi- 
cula  A  vocation  tarraatr*  oapabla  da  volar.  Eat-c*  du  dcnaln*  da  l'utopia  ?  Pvut-ltra  1 

Par  contra,  an  a'an  tenant  A  la  technique  dprouvd*  ou*  conatitua  la  vdlura  tournanta,  calla-ci 
pourrait  donnar  plua  grand*  aatiafaction  A  acn  utiliaateur  *1  lea  paraonnaa  chargdaa  d*  la  concaption  da  ca 
typ*  du  oatdriel  parcavalant  saiaux  la*  contraintaa  d'enploi  d'un*  tall*  plata-fom*  dana  un  coabat  tarraatr*. 

Cat  article  a  pour  objet  d'aaaayar  d'erpriaar  eartainM  rdflarioca  aur  diffdranta  aapacta  da  c* 
prebid**  A  la  lialAr*  d*  l'arpdrlanc*  acquit*  par  1 'Aviation  Ldgtr*  da  l'Arad*  da  Tan*  Pranpala*  dana  1*  du- 
aaxn*  da  l’adroaobllitd. 

Apree  avoir  vxaalnd  l'anvircnnaaant  tactlqu*  nftis  aaaayercna  da  racharchar  dana  quala  dentine*  la 
concaption  d'un  hdlicoptir*  pourrait  an  Itra  lnfluaned*. 


ii*/  -  BvinomnagaiT  tactiqpe  - 

2.1  -SMbsS" 

■oua  ratlandroM  pour  cadre,  un  conflit  elaaalnua,  nous  aanac*  nucldalr*  lntdxaaaant  un  thdltr* 
t 'opd ration  aurcpdan. 

La  fait  nucldalr*  iapcaant 

-  un  dlaxgiaaanant  du  cheap  da  batailla, 

-  un*  diaporaloa  at  una  concentration  rapid*  daa  aoyena, 

la  nObllltd  aara  un  dan  dldnanta  fcndaiwntaux  d*a  noyana  da  conbat. 

L'hdllcoptAz*  puu.ant  a'aflranchir  daa  obataclM  natural*  at  da  caux  crdda  par  la  frapp*  nu~ 
cldair*  conatitua  un  da*  vdhiculaa  l*a  aiaux  adaptda  A  c*  ganra  d*  conbat,  dana  la  a* aura  oil  il 
pourra  aurvivra  dana  c*  niliau  ho# til*  afln  qua  aon  dqulpag*  pulaa*  nvnar  A  bi*n  la  aiMlan  raqu*. 

Qua  catt*  niaalcn  aoit  i 
.la  lutta  antichar 
.la  lutta  antibdlicoptAr* 

•la  raconnaiaaanc* 

.  l'appui  far. 

.1*  transport  da  conbattanta, 

all*  a*  pain*  Itra  cenaiddrd#  ccan*  rduMl*  qua  ai  laa  eliar#  at  1m  hdlicoptAraa  aont  ddtruita, 

1' anneal  rapdrd  ,  laa  installation*  adverse*  nautrellad**.  Mala  pour  c*  fair*,  il  aura  dtd  capital 
qua  1'hdlicoptfer*  parvlann*  avac  tout  ace  "pot*nti«l  da  ccabat"  da  eon  lieu  da  dipart  juaqu'au  aail- 
laur  *npl*c*n*nt  d*  tir  pair  utiliser  *«*  ante,  juequ'A  la  son*  d*  poaar  choial*  pour  y  ddbarquar 
•a*  conbattanta  dans  l*a  ddlaia  prdvua,  juaqu'A  l'*npl*c***nt  d' observation  an  x,  y  pour  aurvalllar 
laa  aouvanant*  da  l'advaraair*. 

Catto  phase  da  la  aiMion  ra prdean'ant  1*  "transit  d’lntarvantion"  eoaptc  pour  SO  t  dans  la 
rduMit*  global*  da  la  aiMion  bian  nue  a*  adroulant  dans  un  ailiau  particulibraaant  hoatll*. 

>ous  arrival*  *ln*l  A  la  notion  d*  vulndrsbllitd,  qul  doit  Itra  prlaa  dana  aon  aans  le  plus  large, 
com*  un  dvboanent  ddfuvorablo  interroapant  Ou  intanliaant  la  aiMion  at  plus  particuliArana.it  la 
phase  d*  transit  d' intervention. 

2.2  - 

2.2.1 .  T^oi*  lyja*  4*_yuljj<rabiU_t4_*oi2*^.t_IJ^ri  £ria_  _*n  £On»id£r|t£qji  s 

-  la  vulndrsbllitd  aur  ddfalllance*  adcaniquaa, 

-  la  vulndrsbllitd  A  l'anvircnnaoant  natural  (nult  -  adtdorologi*  ddfavorabl*  -  naig*  - 
givrag*  -  grlla), 

-  la  vulndraollltd  A  l'anvironnanent  du  cenbat. 


Laa  deux  prKniiraa  coccaruant  1’hdlicoptere  sn  gdndral.  Mai*  pour  le  ca*  particular  de  l’hdli- 
coptAra  ailitaira,  il  aat  fondaaental  de  rechercher  A  diainuar  aa  vulndrabilitd  A  l'anvironneaent 
du  conbat,  pour  augaer.Ur  1*  pourcentaar  de  rduseite  de  sea  aisslons. 

2.2.2.  £*t,  *n_vi£<»ine«ent  du_coab«t  a*_concr\tlB*  £*r  daux.fqcteuin  £cn4aMnteux_: 


-  factaur  ddfavorablo  i  i«enneal  caraetdried  par  aon  ddploieaent  aur  le  terrain,  sea 
aoyana  de  dd taction  et  de  repdivr*,  le  nanbre  et  les  performences  de  see  ernes, 
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-  facteur  favorable  t  la  terrain  avec  Sea  formes  gdndrales  (valldee,  collines),  sea  ob- 
stacles  naturals  (rideaux  d'arbres,  bosquets)  et  artificials  (villages,  constructions 
Isoldes) ,  qui  permettent  un  ddfilement  efficace  aux  vues  et  aux  coups  directs  de 
l'ennemi. 

Css  considdrations  nous  font  ddboucher  sur  la  notion  de  protection  dos  hdlicoptkrea  qui  reprd- 
sente  un  problkme  particulikreaent  couplers  et  qui  ne  se  limits  absoluaent  pas  k  une  utilisation 
plus  ou  moins  rationnslle  de  plaques  da  blindage. 

2.3  -  Protection  d«i  hdlicootkiee  : 

2.3.1.  Mi 

Dlminuer  la  vulndrabilitd  de  l'hdlicoptkre 

-  k  la  ddtection  optiqur,  dlectronique,  acoustique  initlatrice  du  feu  ennemi, 

-  au  feu  des  arses  enemies  ; 

en  vue  de 

-  lui  permettre  d'acoompllr  sa  mission, 

-  d' augments:  ess  posaibllitds  de  survie  dans  la  sons  des  combats, 

-  pezmettre  une  remise  repide  en  service,  aprks  attaints  par  le  feu  ennemi. 

2.3.2.  Tjrge_d£  jKOtjctiaq_i 

Deux  types  de  protection  sont  1  conslddrer  t 

-  protection  active 

-  protection  passive 

Elies  peuvrnt  Itre  ddfinies  ainsl  j 

a)  -  1st  protection  active  a  pour  objet  de  dlninuer  lea  possibilitds  d'atteinte  de  l'hdlicop¬ 

tkre  par  le  feu  ennemi. 

b)  -  U  protection  passive  a  pour  objet  de  peimettra  k  l'hdlicoptkre  de  subir  le  feu  ennemi 

sans  ou  avec  un  certain  endommagement.  " 

2.3.3.  UtiUsiti<5»  des  £rot£c,£iaqs  -  Hoyapa  envlsqxqeblee  i 

2.3.3. i—  fretottgi  MSliai  - 

A-  Contes  la  ddtection. 

Opticus .  t  -  peinture  de  camouflage  (couleurs  approprides) 

-  suppression  des  reflets  sur  lea  surfaces  vltrdes  ou  mdtalliques 

-  formes 

-  dimensions  (reduction) 

-  technique  d'eaplol  (vol  taetlque) 

Electronicue  i  -  peinture  spdclale  possddant  un  bon  coefficient  de  reflectance  aux 
dmissicns  radar  et  aux  infra-rouges 

-  ddtecteur  d'dmisslon  radar 

-  technique  d'eaplol  (vol  taetlque) 

Acwsticu*..  t  -  diminution  du  bruit  (radar  -  soteur) 

-  technique  d'eaplol  (vol  taetlque) 

B-  Ccatre  le  feu  ennemi. 

-  Connalssance  de  1' emplacement  des  arses  ennesles  et  leurs  caractdristiques  (port de  - 
efflcadtd) 

-  Technique  d'eaplol  (vol  taetlque)  en  f one t ion  des  arses  ennemies  et  de  leur  ddplolenent 
sur  le  terrain 

-  Utilisation  d 'ernes  ay ant  une  portde  supdrleure  k  celles  de  l'ennemi 

-  Maniabilltd  de  l'hdlicoptkre  permsttant  ci  fairs  varler  trks  rapldenent  la  configura¬ 
tion  de  vol  ou  la  route  sulvie 

2. 3.3*2—  Protection  passive  - 

la  protection  passive  repose  sur  < 

-  1' organisation  de  l'hdlicoptkre 

-  l'emploi  du  blindage 

Avant  d'aborder  1' organisation  de  l'hdllcopU-re,  il  sera  ndcessalre  de  ddtezniner  lea  "points 
aensibles"  dont  I'attelnte  per  le  feu  ennemi  pouns  entralner 
*soit  la  perte  de  l'hdlicoptkre 
•aoit  l’anlt  total  de  la  mission 

*soit  la  perauite  de  la  mission  avec  une  effiMcitd  rddulte 

Sous  la  ddnaaination  "points  aensibles"  peuvent  dtre  rangds  lea  organes  et  dqulpenents  nd- 
cessairas  au  vol  et  k  la  mission. 

la  ddterminaticn  des  "points  sensibles  "  dtant  faite,  1' organisation  de  l'hdlicoptkre  pourra 
Itre  envlsagde  auivant  las  cas  : 

-  par  concentration  des  "points  sensibles"  avec  ou  sans  blindage, 

-  par  dispersion  dee  "points  sensibles"  avec  ou  tans  blindage, 

-  par  duplication  dee  "points  sensibles"  avec  ou  sans  blindage, 
en  foncticn  : 

-  du  calibre,  et  dee  effete  des  projectiles  succsptiblns  d'sttsindre  ces  "points  sen¬ 
sibles"  eu  cers  d'une  aisslcn  type, 

-  des  directions  privildgides  d’atteinte, 

-  dv  percentage  de  perte  e  d'arrlt  de  mission  acceptable 
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II  apparait  done  quo  la  protection  de  l'hdlicoptere  doit  6tre  abordde  coome  un  problems 
global.  II  aerait  vain  de  caivrlr  un  hdlicoptere  >  olaques  de  blindage  si  celui-ci  est  par- 
faiteaent  detectable  par  l'ennemi  done  passible  d'un  tir  prdcis  evec  une  arme  appropride  de- 
vant  entrainer  sa  destruction. 

la  participation  de  l'utilisateur  k  la  protection  active  se  concretise  essentiellement  par 
une  technique  d'emploi  particulifere  t  le  vol  tactique. 

2.4  -  j*  vol  tactlous  : 

II  oeut  se  ddfinir  ainsi  : 

"Le  vol  tactique  est  un  ddplacement  qui  s'accooplit  en  gdndral  k  une  hauteur  tree  faible  per- 
aettant  d'utiliser  au  mieux,  ie  terrain  avec  sea  obstacles  naturals  et  artit iciels,les  possibi- 
litda  du  vdhicule,  les  dquit emb.'ta  et  armements  de  bord  en  vue  s  d'une  part  d'gtre  en  nature  d'ee- 
surer  k  cheque  instant  les  actcv  elemental res  du  combat  terrestre  et  d'autre  part  d'echapper  aux 
vue s  et  aux  tira  directs  de  l'enremi*. 

Cartes,  le  vol  tactique  n'est  pas  le  seul  mode  de  deplacement  pratlcable  sur  le  champ  de  bate! lie. 
Le  vol  &  baase  ou  k  trks  basse  altitude  est  sussi  utillsable.  Hals,  plus  on  se  rapproche  du  contact 
plus  la  hauteur  devolution  diminue,  pour  se  transformer  en  un  ddplacement,  se  rapprochant  plus  de 
celui  pratique  per  un  vdhicule  terrestre  que  par  un  adronef. 

sCaractdrlaticuca  gdndrales  du  vol  tactlaue  - 

-  faible  hauteur  (2  k?  oktres)  ; 

-  entre  et  k  proximitd  des  obstacles,  rarement  au-dessue  ; 

-  emits  rapides  nembreux  ; 

-  stationnaires  n ombre ux  ; 

-  accelerations  et  ddcdldratlona  sur  trejectoire  importantes  j 

-  evolutions  trfcs  aerrdea  ; 

-  utilisation  de  toute  la  gamne  de  vitease.  Pas  de  vltease  privildgide  ; 

-  adaptation  de  la  vitease  au  terrain  et  k  la  situation  ; 

-  manoeuvres  effectudea  inddpendamment  du  vent  (direction  et  force). 

Cea  caraotdrlstiques  non  exhaustivea  sont  trfcs  contraignantea  et  peuvent  se  rdvkler  determinants!, 
dans  la  conception  de  la  plate-forma. 

Ill0/  -  INFLUENCES  SUB  1A  CONCEPTION  DE  LA  PUTE-KlSHE  - 

Nous  examinerona  1* Influence  du  vol  tactlnue  dans  lee  trois  donalnes  aulvante  t 

-  les  performances  de  la  plate-forme 

-  la  sdcuritd 

-  lea  poaaibilitds  tous  temps 

3.1  -  Influences  sur  lea  performances  r 

Lora  de  la  ddtermination  des  performances  au  atade  de  l'avant  projet  certains  dldments  devront 
tou Jours  Itre  presents  k  1' esprit  des  ingdnieurs.  En  void  une  simple  dnumdratian  i 

-  Ndcessitd  d'une  bonne  accdldrstlon  at  ddcdldration  sur  trajectoire  sans  variation  iapor- 
tante  d'assiette  pour  permettre  l'utlllsatlon  des  armaments  et  des  systkmss  de  vlsds  at 
d* observation. 

-  Facteur  de  charge  de  2,3  rencontrd  courammsnt. 

-  Haniabilitd  trie  grande. 

-  Profil  de  vol  trfcs  contraignant  pour  les  durdes  de  vis  des  ensembles  adcaniques. 

-  Le  vol  a'effectuant  couramment  trks  prfcs  du  sol,  la  panne  moteur  est  fatale. 

-  Une  grande  partie  de  la  aisaicn  s'effectue  k  des  vitcaaes  faibles  20  k  80  ka/h. 

-  Nembreux  arrlts  rapides  et  stationnaires  prolongds. 

-  Toutes  lea  dvolutions  a'effectuant  quelles  que  soient  la  direction  et  la  fores  du  vent. 

-  L'attelnte  des  limitations  ne  dolt  pas  donner  naiaaence  k  des  phdnaaknes  brutaux  at 
dangersux. 

-  Facilitd  et  rapiditd  de  repllage  des  pales  et  de  ddplacement  au  sol  soit  d'une  aanlkre 
autonome,  aoit  *v»c  1c  cone  ours  exclualf  de  l'dquipage,  pour  permettre  un  caawflage  ef- 
flcace. 

3.2  -  Influences  sup  la  sdcuritd  i 

Le  ddplacement  permanent  k  proximitd  iamddlate  et  entre  les  obstacles  ndeeasite  t 

-  une  visibllitd  parfaite  pour  le  pilots, 

-  une  diminution  iaportante  de  la  charge  de  travail  de  l'dquipage 

L'effort  devre  done  porter  principalement  sur 

-  1' organisation  du  posts  de  pilotage, 

-  le  choix  des  instruments  de  pilotage, 

-  la  ddtermination  du  n ombre  des  membres  de  l'dquipage. 

3.2.1 .Nombre  de  membres  d’dcuip&ge  i 

En  ce  qui  concerns  la  rdpartition  des  tidies  av  cours  d'une  mission  en  vol  tactique  nous  poivcna 
dire  que  ie  pilots  est  principalement  absorbd  par  la  sdcurrtd  de  sa  machine  au  ccurs  de  ses  dvolu¬ 
tions  parmi  lee  obstacles.  Son  apport  au  reste  de  la  mission  peut  itre  considdrd  cease  ndgligeable. 
II  en  adcoule  qu'un  ou  deux  autres  membres  d' equipage  sont  ndeessaires  pour  assurer  1' observation, 
la  recherche  des  emplacements  de  tir,  le  tir,  la  tranaaission  des  renseign aments  et  enfln  une  fonc- 
tion  pnmordiale  :  la  navigation.  Cette  tfche  particul'.krement  absorbents,  sur  laquelle  repose 
pair  une  bonne  part  la  rduesite  du  "transit  d1 intervention",  mobilise  l'attention  d'un  nesbre 
d'dquipage  au  ddtnment  des  autres  fonctions,  mime  en  utilisant  un  systkme  de  navigation  autecaae. 

II  n'est  done  pas  raiswmabla  d'envisager  dt  donner  au  pilots  d'autres  fonctions  que  celles  con- 
cernant  la  conduite  de  sa  machine  en  sdcuritd. 
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3.2.2.  OijpBlaati on_du  £Oat*  da  pilots**  : 

La  poet*  da  pilotage  devra  donner  au  pilote  una  parfaita  visibility  eztdrieure  dans  toutea  lee 
configuration*  da  vol.  Las  angles  sorts,  provoquds  par  las  dldaents  da  structure  at  par  la  ta¬ 
bleau  da  boid  a  ant  k  diminuer  ou  k  dliminer  d'una  fa;  on  notable. 

Las  parties  vitrdes  devrant  Itre  conquea  da  manikre  k  dliminer  twites  ddformationa  provoqudes  par 
laur  courbura  et  tous  reflats  gdnants,  provenant  an  particular  da  1'intdrieur  da  l'habitacle,  at 
poasdder  lee  dispoeitifs  necessaires  pour  maintenir  una  bonne  vision  malgrd  las  intempdrles  (plule  - 
neigo  -  givre). 

3.2.3.  Choij  des  inat  njzmnts  : 

Evideooent  un  sompremia  eat  k  trouvrr  entre  una  visibility  parfaita  vers  l'ertyrieur,  et  una  bonne 
vision  du  tableau  d*  bord.  II  eat  en  effet  difficile  da  conciliar  lea  impdratifs  du  vol  tactique  et 
cauz  du  vol  IFR,  qui  imposent  una  disposition  particulars  des  instruments  dans  l'axe  de  vision  du 
pilots. 

De  plus  la  duplication  da  certains  inatsuments  entrains  une  augmentation  des  dimensions  de  la 
plnnche  da  boid. 

La  solution  da  compromis  samble  rdsider  dans  un  aystfeme  permettant  t 

-  la  suppression  da  la  planche  de  bord, 

-  la  projection  das  Informations, 

-  la  sdlection  das  informations  indispensable*  salon  la  type  da  vol, 

Afin  da  na  pas  aaturer  l'attention  visue.'lr  du  pilots,  ddjk  miss  k  rude  dprauv*  nous  pensons  qua 
lea  systkmes  d'alarmas  davraient  a'orienter  v»rs  les  dispoeitifs  audltife  prescrivant  mime  au  pilot* 
las  actions  da  sauvegarda  k  antreprendra. 

3.2.4.  £o*sJbi H t£  de_vj)l_t oua  taaj*  i 

Tous  les  avantagas  procurds  par  la  vol  tactloue  da  jour  sa  retrwivant  de  nult  et  par  mauvais*  vi¬ 
sibility. 

Mais  la  dyplacament  da  nuit  antra  les  obstacles  na  samble  pas  avoir  trouvd  jusqu'k  c*  jour  una 
solution  technique  valebla,  ala ra  qua  l'utlllaatieB  da  l'hyiiooptkr*  an  conditions  MC  sur  1* 
chomp  d*  batailla  ast  en  voi*  da  resolution  par  das  techniques  claaslquas  "adronautiques" (infra¬ 
structure  sol  Radar  G-C.A.  -  ILS  tactique  -  Radio  ballae). 

Nous  pensons  qu'un  ralsonnsment  at  una  technique  plus  "ayrcmobila'qu' "adronautiqua"  parmattrmlant 
une  approcha  plus  afficaca  da  la  pratique  du  vol  tactique  da  suit  at  par  mauvaisas  conditions 
mdtyorologiques. 

IV0/  -  VOL  TACTIQUE  TOUS  TEMPS  - 

4.1  -  Daun  lddas  p*u-int  aepvir  da  support  k  catty  nouvellf  approcha  t 

*La  preaikra.  technique  <  La  vitassa  da  ddplacenent  ast  fonctlon  da  la  distance  da  perception 
des  obstacles  sa  trwivant  sur  la  trajat. 

*U  second*,  tactique  t  Au  coura  d'un  vol  tactiou*  on  paut  considdrar  ou'une  vltasaa  rain  en¬ 
noblement  sundrleur*  k  cell*  d'un  vdhicula  tarrastr*  dvoluant  dan*  1*  mime  anvironnamr nt  ast 
tactlquament  significative. 

4.2  -  Vltasaa  rqlaonnablenent  aupdrieur*  t 

Nous  pouvons  suppoaer,  que  sur  un  champ  da  batailla  un  vdhicula  terrastre  ami  ou  annemi  sa  ddpla- 
gant  d*  nult  wi  par  mauvaiae  visibility  n*  puurra  avoir  un*  vitassa  wipdriaur*  k  10  km/h,  malgrd  les 
aides  k  la  vision  dont  il  sera  dotd, 

fhoisissons  par  example  40  km/h  comm*  vitassa  da  ddpiacamsnt  da  l'hdllcoptkra,  valeur  qui  en  term* 
d'adronautique  eat  assimilable  k  un*  vitassa  nresqu*  ti.tlls.  Ells  raprdsanta  quand  min*  dans  un  combat 
terrastre  un*  vitassa  4  fois  supdrifur*  k  cells  das  vdhicules  tarrastr**  utillsds  dans  les  almas  con¬ 
ditions. 

Cette  vlteasa  deviant  alors  significative,  car  pour  parcourir  una  distance  da  10  km  notre  hdli- 
coptera  aettra  13  minutes,  mais  pendant  ce  teaps  l'ennemi  n'aura  parcouru  que  2,8  km.  Ce  qui  signlfie 
qua  nous  pouvons  considdrar  qua  la  situation  tactique  d*  l'ennemi  n'aura  pas  dvolud  d'una  aanikra 
significative. 

Cat  axaspl*  n'ast  choisl  qua  pour  illustrar  las  avantagas  d'un*  vitassa  qui  rest*  faibl*  et  pour 
peimettre  ainsi  da  concavoir  un  systkm*  autenoma  "d'aid*  k  1*  vua"  pour  hdliccptkr*  affectuant  du  vol 
tactique  da  nuit  et  par  mauvaisas  conditions  adtdorologiquas,  relevant  plus  das  moyens  d'aid*  k  la  vua 
utilisdspour  les  vdhicules  tarrestras  qua  das  systkmes  typiquement  adronautiquss. 

II  est  k  noter  que  lea  vitesaes  faiblea  n*  restent  significative*  qua  pour  lea  distances  rdduitea 
de  10  k  30  km.  Ce  aont  des  parccurs  qui  intdressent  la  fraiu-e  des  contacts. 

4.3  -  Caractdrlstiquea  d'un%vstbme  au  ton  one  d'aid*  k  la  vue"  : 

Nous  pouvons  essayer  de  ddfinir  succinctement  les  caractdristinues  d'un  tel  aystkme. 

4.3.1.  jkit. 

Conner  au  pilote  d'un  hdlicoptkre  un  moyen  d'augmenter  son  acuitd  visuelle,  pour  lui  pernettr*  da 
se  ddplacer  da  nuit  et  per  mauvaise  visibility  entre  ou  k  proximitd  des  obstacles  sans  aide 
extdrieure. 

4.3.2.  EnvirormOT>en_t. 

Milieu  :  .nuit  de  luminoeitds  diffdrrntes, 

.nuit  et  jour  avec  conditions  mdtdorologiques  particuliferea  : 
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brouillard 

pluie 

neige 

Terrain  :  .obstacles  naturels  (lignes  de  cr6tes  -  arbrea), 

•  obstacles  artificials  (poteaux  -  lignes  dlcctrinues) 

4.3.3.  E ldment  vi tesse . 

Vitesse  de  displacement  ddteminde  en  fonction  des  possibility  de  perception  dee  obstacles  donndee 
par  le  systkme. 

4.3*4.  15  lament  hauteur . 

la  plus  .'nlcle  possible  compatible  avec  \<-a  performances  du  systkme. 

4.3.5.  Kliment  relief. 

Conner  au  pilote  une  sensation  du  relief  la  plus  exacts  possible. 

4.3.6.  £wsJ^que^eMjj«wiJblesA 

-  Nouvelle  technique  de  pilotage 

-  Instrumentation  de  pilotage  particulars 

-  Instrumentation  double  permettant  de  passer  ins tan tenement  at  indiffdremoent  du  vol 
tactique  avec  aide  4  la  vue  au  vol  en  conditions  IMC 

V*/  -  CONCLUSIONS  - 

Le  vol  tactique  pratique  eoiramment  par  l'Aviation  Ldgkre  da  l'Arnde  a*  Terra  Frangaise  apporte 
une  solution  afficaca  k  l'emploi  da  l'ndlicoptkre  dans  le  milieu  hostile  du  champ  de  bataille  terrestre. 

Cette  technique  particulikre  engrndre  des  contraintes  dans  la  conception  du  vdhirula,  de  ses 
dquipements  at  de  ses  armaments.  Lea  ingdnieurs  doivent  en  f tre  conscients  avant  le  premier  treed  sur  la 
table  k  dessin. 

Las  quelques  idles  ezposdea  prdeddemment  ne  prdtendent  pas  avoir  fait  le  tour  complet  du  problkme. 
Elies  ne  reprdsentent  qu'un  simple  jalonnement  ter.dant  k  orient er  les  inflexions  des  techniciens  qui  devraient 
ae  aouvenir  de  ce  qua  disait  le  gdndral  emdrleain  FULLER  :  "Les  anti-conformistes  sont  les  prophktee  en 
fait  de  tactique  car  ila  savent  adapter  les  arises  ntxivelles". 
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THE  atm.  1  OF  HELICOPTERS  FROM  SMALL  SHITS 
tor 

J.  b.  B.  Johnston 
Royal  Aircraft  Establishment, 

Bedford)  Bogland. 


SUNUAHX 

For  the  past  nine  year*  the  Royal  Navy  has  been  operating  helicopter*  froa  ita  small  ahipa,  and 
during  thia  time  nuaeroua  flying  trial  a  have  been  carried  out.  this  paper  aimiv  to  set  down  the  experience 
gained  froa  these  trials  with  particular  reference  to  the  landing  and  take-off  manoeuvre a.  A  brief  des¬ 
cription  is  given  of  the  environment  in  which  such  operations  take  placet  together  with  the  types  of 
helicopter)  the  classes  of  vessel)  and  the  approach  technique  used.  The  problems  created  by  the  air 
turbulence  around  the  ahipt  the  restricted  site  of  the  landing  platform)  and  the  deok  motion  are  discussed 
in  relation  to  their  effect  on  the  performance  and  handling  of  the  helicopter.  Bata  is  given  on  power 
demands,  rated  of  descent  at  touchdown,  and  accuracy  of  landing  position.  Restrictions  which  affect  the 
operational  freedom  of  the  ship  are  also  nontioned. 


1.  INTRODUCTION 

For  the  past  nine  years  the  Royal  Navy  has  been  using  helicopters  as  an  Integral  part  of  the  weapon 
system  on  their  anti-submarine  destroyers  and  frigates,  and  for  vertical  replenishment  tasks  on  the  supply 
ships  and  tankers  of  the  Royal  Fleet  Auxiliary  Service  (RFA).  Airing  this  period  numerous  helloopter  fly¬ 
ing  trials  have  been  made  to  develop  deok  equipment  and  other  landing  aids  and  to  determine  the  limits  of 
safe  operation.  These  trials  have  been  necessary  beoauss  of  the  relatively  small  deok  landing  areas 
which  distinguish  these  vessels  from  the  aviation  ships  or  aircraft  carriers.  The  aim  of  this  paper  is  to 
report  on  the  experienced  gained,  with  particular  emphasis  on  the  landing  and  take-off  manoeuvres.  Most 
of  the  information  given  comes  from  the  trials  whioh  were  oarrled  out  in  conjunction  with  the  Royal  Navy 
and  with  personnel  from  the  Aeroplane  and  Armament  Experimental  Establishment,  Boscombe  Down,  England. 

A  brief  description  is  given  of  the  environment  in  whioh  suoh  operations  take  plaoe,  together  with  the 
types  of  helicopter,  the  classes  of  vessel,  and  the  approach  technique  used.  All  these  factors,  lnoludlng 
those  that  are  Inherent  to  the  design  of  the  ship,  influence  the  effectiveness  with  whioh  helicopters  can 
be  operated.  This  paper  is  concerned  mainly  with  those  problems  that  relate  to  the  helicopter  and 
especially  its  handling,  although  restrictions  imposed  on  the  operational  freedom  of  the  ship  axe  also 
mentioned. 

As  the  objeot  of  the  majority  of  the  trials  was  to  oheok  that  a  particular  helloopter  oot-ld  operate  safely 
froa  a  specific  class  of  vessel,  the  time  allocated  was  on  many  occasions  restricted  to  a  few  days  only 
and  the  test  conditions  to  those  prevailing  at  the  time.  Nevertheless,  it  i«  considered  that  the  results 
taken  over  this  period  of  about  nine  years,  whsn  collected  together,  provide  sufficient  data  to  show 
trends  and  to  highlight  the  principal  problem  areas  in  the  handling  and  performance  of  helloopter*  opera¬ 
ting  from  small  ships.  Trials  data  has  been  given  for  the  demand  on  engine  power  when  landing-on,  for 
rates  of  descent  at  touchdown,  and  for  the  accuracy  of  landing  position.  Inevitably,  the.'e  are  defici¬ 
encies  in  the  information  collected  and  gaps  in  our  knowledge.  Suggestions  have  been  made  on  how  these 
may  be  rectified. 

2.  OVERALL  VIEW  OF  THE  OPERATION 

Within  the  UX  most  of  our  knowledge  of  operating  helicopters  from  ships  at  sea  is  derived  froa 
experience  with  one  basic  design  configuration.  This  is  a  single  main  rotor  with  a  tall  rotor  in  the 
vertical  plane  to  provide  torque  compensation  and  yaw  oontrol.  Furthermore,  most  of  the  main  rotors  have 
had  three  or  more  blades  attaohed  to  a  fully  articulated  hub.  Initially,  none  of  these  helicopters  was 
specifically  designed  for  operation  from  the  decks  of  ships.  The  Westland  Wasp,  developed  fror  the 
Sounder*  Roe  P  531  Scout,  does  have  a  special  four-wheel  undercarriage  and  an  extra  low  mini  sin  value  of 
collective  pitch  to  improve  ite  deck-operating  capability.  But,  in  general,  the  pilots  have  had  to  take 
the  helicopter  as  designed  and  develop  their  own  techniques  and  skills  to  suit  the  task  of  operating  on 
ships.  Ait  how  does  this  task  differ  froa  other  types  of  operation?  The  vessel  and  its  superstructure 
will  create  a  region  of  turbulent  air  whioh  the  helicopter  must  negotiate  during  the  take-off  and  landing 
manoeuvres.  However,  turbulence  can  be  experienced  ashore,  around  buildings,  or  in  mountainous  localities. 
The  flight  deck  of  a  ship  is  dimensionally  very  small.  But  again,  these  helicopters  frequently  operate 
froa  confined  areas  ashore,  for  example,  in  jungle  olearing*.  The  difference  with  the  « hip-borne  situa¬ 
tion  is  that  the  turbulence  and  constricted  space  almost  always  occur  simultaneously.  In  addition, 
because  calm  conditions  at  sea  are  rare  and  because  a  relative  wind  can  arise  froa  iha  speed  of  the  ship, 
the  manoeuvres  are  normally  made  in  the  equivalent  of  high  winds  not  often  encountered  on  land.  A  third 
factor,  and  one  that  is  unique  to  ship-bone  operations,  is  deok  motion.  Ships  have  six  degrees  of  freedom, 
of  which  the  angular  motions  of  roll  and  pitoh  and  the  vertioal  heave  are  the  more  important  in  th*  opera¬ 
tion  under  discussion.  These  can  present  the  pilot  with  a  moving  set  of  references,  which  could  lead  to 
disorientation  when  on  the  approach  in  poor  visibility  or  at  night,  or  when  over  the  deok  close  to  any 
superstructure.  In  addition,  deck  motion  can  increase  th*  difficulty  of  judging  the  rate  of  descent  and 
of  the  slope  of  the  "ground".  The  technique  adopted,  if  possible,  is  to  hover  or  wait  on  the  deck  until 
a  quiescent  period  of  motion  occurs  before  landing  or  taking-off. 


This  then  is  the  ship-borne  situations  the  pilot  has  to  manoeuvre  his  aircraft  through  moderate  to  sever* 
turbulence  on  to  or  from  a  landing  platform  that  la  very  restricted  in  size,  and  which,  together  with  the 


visual  references,  can  be  rolling,  pitching  and  heaving,  Furthermore,  this  pattern  of  events  may  be 
repeated  for  every  landing  and  take-off. 

It  was  implied  above  that  the  flight  characteriatics  of  helicopters  were  not  tailored  to  suit  operation 
from  ships.  This  is  not  to  say  that  the  importance  of  providing  satisfactory  handling  qualities  is  not 
recogiised  -  quite  the  contrary  -  but  their  achievement  does  present  difficulties,  as  they  cannot  be 
treated  independently.  The  main  rotor  has  three  tasks  to  perform.  It  is  required  to  provide  the  lift 
force,  to  provide  the  propulsive  force,  and  to  provide  control  forces  and  moments  for  trim  and  during 
manoeuvres.  Moreover,  most  helicopters  are  used  in  a  multitude  of  differing  roles  in  a  wide  variety  of 
climatic  conditions.  The  design  task  is  to  obtain  a  rotor  that  has  adequate  lifting  capacity  and  per¬ 
formance  together  with  structural  integrity  and  the  minimum  of  adverse  dynamic  characteristics  under  all 
conditions. 

Additionally,  manoeuvres  inherently  mean  changes  in  the  power  demanded  from  the  engine  because  the  control 
forces  and  moments  stem  directly  from  the  magnitudes  and  directions  of  the  thrusts  of  the  main  and  tail 
rotors.  This  is  particularly  true  of  the  yaw  control  which  is  provided  by  the  tail  rotor  that  is  often 
working  in  conditions  near  the  regime  of  blade  stall)  quite  modest  increases  in  yawing  moment  applied  by 
the  pilot  can  thus  create  a  demand  for  a  large  increase  of  power.  In  fact,  the  amount  of  control  available 
to  a  pilot  is  often  considered  in  terms  of  the  helicopter  power  limitations.  These  are  diotated  either  by 
what  is  available  from  the  engine  or  by  the  strength  of  the  transmission  system.  Certainly,  when  manoeuv¬ 
ring  onto  a  ship's  deck  the  engine  torque  indicator  is  an  instrument  that  is  constantly  monitored  by  the 
pilot. 

3.  WPES  OP  HELICOPTER  IN  USE 

Host  of  the  helicopter  designs  that  have  been  operated  in  the  UK  have  at  sometime  landed  on  the 
deck  of  a  ship.  Those  in  use  by  the  Armed  Services  and  which  could  be  expeoted  at  the  present  time  to 
operate  from  ships  at  sea  are  the  Sioux,  Scout,  Wasp,  Whirlwind,  Wessex  and  Sea  King  (see  Fig.  l). 

Within  recent  years  by  far  the  greatest  amount  of  this  type  of  flying  has  been  done  with  the  Wasp,  the 
Wessex  (variants  1,  3  and  5)  and  the  Whirlwind  (variants  3,  7  and  9).  The  Sea  King  has  Just  entered  front¬ 
line  service  with  the  Royal  Navy  and  so  the  next  few  years  should  see  a  build  up  of  experience  with  this 
larger  helicopter. 

With  the  exception  of  the  Sioux,  which  has  a  two  bladed  see-saw  rotor,  all  the  helicopters  have  been 
similar  in  layout  and  the  basic  difference  between  these  has  been  their  size.  As  shown  in  the  table  below 
their  mass  has  varied  from  236O  kg.  to  9300  kg. -with  respective  main  rotor  diameters  of  9*8  a  and  18.9  a. 
The  disc  loading  has  ranged  from  about  170  N/m*  up  to  325  N/m. 


Helicoptor 

Orose 

mass 

(K«) 

Rotor 

diameter 

(metres) 

Overall  length, 
rotor  turning 
(metres) 

Sioux 

1340 

11.3 

13.2 

Scout 

2360 

9.8 

12.3 

Wasp 

2500 

9.8 

12.3 

Whirlwind  9 

35OO 

16.2 

18.9 

Wessex 

6150 

17.1 

20.1 

Sea  King 

9300 

18.9 

22.1 

The  propulsion  unit  on  a  helicopter  must  be  regarded  as  an  integral  part  of  the  flying  control  system. 
These  helicopters  have  gas  turbine  engines  with  a  free  turbine  driving  the  main  rotor.  The  speed  of  this 
rotor  is  normally  controlled  automatically,  by  varying  engine  fuel  flow  and  hence  power  output,  to  matoh 
rotor  power  absorption  as  either  the  collective  pitoh  or  flight  conditions  vary.  The  flying  oontrols  are 
operated  by  hydraulic  power,  apart  from  the  yaw  control  on  the  Whirlwind.  On  this  aircraft  and  on  the 
Wasp  provision  is  made  for  manual  reversion,  but  although  full  manual  control  of  the  main  rotor  on  the 
Wessex  is  possible  it  is  likely  to  be  extremely  difficult.  The  Wasp  and  Wessex  have  outo-stabilisation/ 
auto-pilot  systess  fitted.  The  Sea  King  is  similarly  equipped. 

4.  TTFES  OF  SHIP  USED 

There  are  two  main  categories  of  ship  that  operate  helicopters  1  aircraft-carriers  and  'small'  ships. 
The  former  are  a  distinct  class  of  their  own  while  the  latter  comprise  a  great  variety  of  shapes  and 
sizes.  As  can  be  seen  from  Fig.  2,  operation  from  'small'  ships  would  be  more  accurately  described,  as 
operation  from  ships  with  small  flight  deoks.  These  smaller  flight  decks  necessarily  constrain  and  limit 
the  operation  of  the  helicopter  much  more  than  the  large  deoks  of  the  carilers.  Moreover,  as  the  carrier 
has  been  purpose-built  to  operate  aircraft,  it  is  likely  to  be  sailed  in  the  best  way  to  suit  the  heli¬ 
copter  requirements.  This  is  not  always  possible  with  the  other  classes  of  vessel,  which  a ay  have  a 
different  primary  role  and  only  use  the  helicopter  in  an  ancillary  manner. 

Almost  without  exception  the  'small' ships  have  their  flight  decks  placed  at  or  near  the  stern  of  the 
vessel  (Fig.  3a).  This  has  the  advantage  of  giving  the  pilot  an  approach  path  thAt  is  usually  free  from 
obstructions.  However,  the  vertical  displacement  of  the  deck  associated  with  tue  pitching  motion  will  be 
considerable  at  this  position.  Apart  from  the  Tribal  class  frigate,  the  forward  end  of  these  flight  decks 
are  obstructed  by  superstructure  (Fig.  3b)  often  extending  to  the  full  width  of  the  ship. 

The  majority  of  Royal  Navy  ships  now  regularly  operating  helicopters  have  stabilisers  that  limit  the 
amplitude  of  their  rolling  motion,  although  at  a  ship's  speed  of  less  than  about  10  knots  this  stabilisa¬ 
tion  becomesineffective.  As  a  general  rule  it  can  be  said  that  for  the  same  sea  conditions  the  3hip 
motion  in  terms  of  rull  and  pitch  amplitudes  will  become  greater  as  the  size  of  the  vessel  decreases. 
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5.  LANDING  AND  TAKE-OFF  PROCEDURES  FOR  SMALL  FLIGHT  DECKS 

la  principle  it  is  preferioie  to  taka -off  and  lawi  tits  holiooptar  while  it  is  facing  into  the  relative 
wind,  and  it  is  also  possible,  with  vwgring  degrees  of  oonatraint  according  to  the  layout  of  the  ships, 
to  approach  and  land-on  (or  taka-off)  froa  any  asiauth  direction  relatire  to  the  ship.  Nevsrtheless,  it  is 
usual  to  follow  a  common  pattern  for  all  approaohesi  thi  helicopter  coning  in  froa  the  port  astern  sector. 

As  the  pilot  usually  aits  in  the  right-hand  saat  of  thi  cockpit  this  approach  gives  him  the  best  view  of 
the  flight  daok  and  is  also  one  that  can  be  used  at  ni^tht. 

The  operating  routine  can  best  be  described  if  it  is  consider*)!  in  three  phases  -  the  approach,  the  land¬ 
ing-on  (or  take-off),  and  the  handling  on  deck. 

For  the  first  phasa  the  helicopter  is  brought  on  to  the  approach  at  about  2  miles  astern  of  the  ship.  At 
this  point  the  airspeed  is  reduced  to  60  knots  and  the  deaoeat  ooaoenoed  down  a  y  glide  slope  at  either 
15°  or  35°  relative  to  the  ship's  oourse  (Fig.  4)  depending  cn  the  particular  ship's  equipment.  Overall 
coaaand  of  the  operation  ie  retained  by  the  ship's  ooaaander,  first  of  all  through  the  Helicopter 
Controller  if  the  ship  is  fitted  with  radar,  and  then  by  the  Flight  Deok  Offioer,  who  oust  be  in  visual 
contaot  with  the  helicopter.  Transfer  of  control  and  visual  contact  takas  plaoe  at  a  range  of  not  leas 
than  J  nils. 

When  in  dose  proximity  to  the  ship  the  pilot  brings  the  helicopter  along-side  the  port  bean  at  about 
15*18  n  above  sea-level.  Be  can  then  adjust  his  position  and  speed  relative  to  the  vessel  without  fear 
of  overshooting  into  the  superstructure.  Finally,  he  aanoeuvres  the  helicopter  sideways  under  the 
direotion  of  the  Flight  Deok  Officer  to  bring  it  to  the  required  position  over  the  flight  deok. 

In  the  second  phase,  over  the  deok,  a  hover  is  established  with  the  wheels  about  2  a  above  the  deok. 

Control  of  the  operation  is  still  under  the  direction  of  the  Deok  Officer  who  la  normally  in  radio  com- 
aunleation  with  both  the  ship's  ooanand  and  the  pilot,  but  who  also  has  hand-held  flags  (or  illunlnated 
batons  at  night).  When  correctly  positioned  and  at  the  appropriate  aoaent  with  regard  to  ship  notion  the 
helloopter  is  landed  firmly  on  to  the  deck. 

At  night  and  under  conditions  of  poor  visibility  the  procedure  described  above  is  striotly  adhered  to. 
Obviously  there  can  be  variations  in  the  final  flight  path  over  the  deok  according  to  the  strength  and 
direotion  of  the  relative  wind,  sise  of  flight  deok,  type  of  helloopter,  eto.  on  the  aasuaption  thnt 
better  perfornance  and  handling  are  ensured  if  the  helloopter  can  be  faced  into  the  relative  wind.  The 
degree  to  which  this  is  possible  depends  on  the  helloopter  configuration  and  on  certain  features  of  the 
flight  deok  and  of  tbs  ship.  This  is  refloated  in  the  Units  that  are  laid  down  for  eaoh  speelflo 
helicopter/ship  combination  (Fig.  5)  to  ensure  that  adequate  margins  of  control  and  safely  are  maintained. 
These  Units  also  lnolude  those  to  ship  notion  which  ie  important  in  this  phase  of  the  operation. 

Certain  of  the  individual  factors  that  determine  these  Units  will  be  discussed  in  core  detail  below,  but 
a  brief  reference  here  to  the  examples  shown  will  help  in  setting  the  perspective.  Thus,  the  Wasp  with 
its  special  short,  four-wheel,  undercarriage  oan  more  readily  be  alipiad  to  the  relative  wind  than  can  the 
Wessex.  FOr  the  latter,  the  distanoe  between  the  aain  and  tail  wheele  ie  larger  in  relation  to  the  width 
of  tie  flight  deck  and  so  it  is  constrains!  more  nearly  to  ths  fore  and  aft  direotion.  For  the  oases  in 
which  ths  helicopter  has  to  land  in  a  fore  and  aft  direotion  relative  to  the  ship  then  an  overriding  limit 
of  15  knots  bean  wind  la  imposed i  this  is  to  snsure  an  adequate  manoeuvre  margin. 

The  direotional  limitation  is  particularly  applicable  at  night  when  the  sighting  of  the  required  visual 
aids  dictates  that  landings  and  take-offs  nust  be  nads  with  ths  hslloopter  fading  the  bows  of  the  ship. 

The  more  restrictive  operating  Units  for  nigfattins  reflsot  ths  greater  difficulty  in  1  unding  at  night. 
Incidentally,  the  limitation  to  aainly  forward  facing  relative  winds  for  the  exanple  shown  for  the  Wasp 
in  daylight  is  a  consequence  of  the  fact  that  for  ths  particular  helicopter/ship  combination  in  question, 
helicopters  are  not  expected  to  take-off  over, or  land  facing, the  stern  of  the  ship  because  there  are  no 
suitable  visual  references. 

At  take-off  the  helicopter  becoaes  airborne  in  a  comparatively  very  short  tine.  Usually  there  are  no  pro¬ 
blems  provided  that  ths  pilot  doss  not  translate  into  forward  flight  until  he  is  clear  of  the  ship,  hence 
avoiding  inpaot  between  the  aain  rotor  and  various  aerials,  nasts, etc.,  on  the  superstructure.  This  of 
oourse  assumes  that  the  helloopter  has  an  adequate  power  nargin  at  ths  tins.  The  limit  in  this  respect 
nay  be  reaohed  on  occasions  when  a  combination  of  adverse  effeots  arise,  such  as  hot  ambient  conditions, 
ingestion  of  hot  funnel  gases  devoid  of  oxygen,  light  winds,  and  maximum  take-off  weight. 

In  the  third  phase,  ths  helicopter  oust  be  'flown'  by  the  pilot  as  long  as  the  rotors  are  turning,  for, 
even  though  the  wheels  are  on  the  deok,  the  rotors  will  still  retain  their  faculty  for  exerting  lift 
forces  and  control  monsnts.  These  are  potent  faotors  additional  to  the  accelerations  arising  froa 
osoillatoxy  ship  notion  that  tend  to  aake  the  alroraft  slide  or  topple  over  on  deok.  So  once  the  touoh- 
down  has  been  firmly  established  the  pilot  will  select  the  minimum  collective  pitch  of  the  main  rotor 
blades  that  is  available  to  hia.  On  the  Wasp  helloopter  an  extra  low  collective  posit  on  is  provided  and 
future  designs  may  be  able  to  produce  reverse  thrust.  This  will  have  ths  effeot  of  counteracting  the 
increase  in  lift  that  can  ooour  as  the  rolling  motion  of  the  ship  causes  the  rotor  disc  to  change  its 
incidence. 

It  is  now  normal  praotice  for  helicopters  to  fly  with  autostabiliser  equipment  operative.  It  will  be 
necessaxy,  therefore,  for  the  pilot  to  switch  off  this  equipment  as  soon  as  possible  after  touohdown 
(conversely,  it  should  be  switched  on  just  before  take-off).  If  this  action  is  not  taken  the  auto¬ 
stabiliser  will  attempt  to  counteract  the  roll  or  pitoh  of  the  aircraft  that  is  being  impressed  upon  it 
by  the  deck  motion.  If  large  amplitudes  develop  this  could  lead  to  pounding  of  the  blades  on  the  flapping 
stops.  Also,  if  not  switohed  out,  the  yaw  channel  will  react  to  changes  in  ship's  course  by  moving  or 
tending  to  move  the  tail  of  the  helicopter  across  the  deok. 


2-4 


Finally,  the  rotor*  hare  to  b«  stopped,  or  started.  In  this  operation,  when  the  rotational  speed  is  low, 
the  blades  will  haw*  lost  their  inherent  centrifugal  stiffening.  Under  this  condition  'blade-sailing'  may 
arise  giving  large  deflections  at  the  tips  or  even  an  unstable  flapping  notion.  The  situation  is  aggra¬ 
vated  in  high  winds,  by  disc  incidence  changes  as  the  ship  rolls,  and,  by  vertical  gusts  which  are  sona¬ 
tinas  created  at  the  side  of  the  ship  and  which  affect  the  local  incidence  at  the  tips  of  the  blades. 

6.  THE  NATURE  AND  EFFECT  OF  AIRFLOW  AROUND  THE  SHIP 

In  relative  winds  from  ahead  the  airflow  around  the  ship  and  its  superstructure,  in  the  vicinity  of 
the  flight  deck,  is  both  variable  and  coupler  in  character.  In  general,  the  wind  speeds  close  to  tha  deck 
are  loser  than  the  undisfcixtoed,  or  fxwe-streaa,  value,  particularly  at  the  forward  end  where  reverse  flow 
is  likely  to  exist  (Figs,  fib  and  o).  In  this  region  vertical  downdraughts  can  occur  which  a ay  entrain 
the  funnel  gases.  The  presence  of  the  helicopter  rotor  may  also  emphasise  this  entrainment,  leading  to 
the  discomfort  of  the  aircrew  and  to  the  detriment  of  engine  performance.  The  conglomerate  of  masts, 
funnels,  boats,  etc.,  give  rise  to  eddy  shedding,  and  vortices  roll  up  along  tha  junction  between  the  deck 
and  the  side  of  the  hull.  These  two  effects  combine  to  give  a  band  of  greater  turbulence  extending  aft 
along  tha  port  (and/or  starboard)  area  of  the  flight  deck  (Fig.  fib).  The  width  of  these  bands  is  dictated 
by  the  dimensions  of  the  forward  bulkhead.  A  clearly  defined  edge  to  an  area  of  more  severe  turbulence 
occurs  if  this  structure  is  built  right  out  to  the  side  of  the  hull.  A  less  abrupt  band  exists  when  a 
walkway  is  provided  at  the  sides  of  the  deck. 

When  the  relative  wind  moves  round  to  about  30°  these  bands  of  turbulenoe  spread  out  over  the  whole  flight 
deck  (Fig.  fic).  In  addition  a  downdraught  is  created  on  the  leeward  side  of  the  vessel.  In  a  beam  wind 
this  'curl  over'  becomes  more  pronounoed,  the  airflow  is  curved  over  the  deck,  and  is  less  turbulent. 

Over  the  deck  the  velocity  may  be  slightly  greater  than  the  freestream  value  (Fig.  fid).  The  shape  of  the 
hull  beneath  the  flight  deck  has  most  effect  in  the  beam  wind  case.  A  'solid'  hull  causes  the  greater 
disturbance,  but  son*  alleviation  of  the  'curl  over'  and  sow  smoothing  out  of  the  flow  will  oocur  if  the 
structure  is  out  away  as  on  RFA  Green  Rover  (see  Figs.  3  and  6d). 

On  an  aircraft  oarrier,  beam  winds  oreate  conditions  downwind  of  the  'island'  similar  to  those  desoribed 
r.Lw.e  for  ahead  winds.  &it  on  a  oarrier  these  can  usually  be  avoided  by  manoeuvring  the  ship  or  landing 
elsewhere  on  the  deck. 

The  helicopter  pilot  is  probably  first  made  aware  of  the  turbulenoe  as  he  approaches  alongside  the  stem  of 
the  vessel.  In  light  winds  there  will  be  vety  little  influence  but  above  about  15-20  knots  of  wind  over 
the  deck  it  will  become  increasingly  significant.  The  wake  from  a  small  superstructure  forward  of  the 
flight  deck  will  have  little  effect  on  a  large  helicopter  though  for  a  small  helicopter  downwind  of  a 
large  structure  the  situation  is  very  different.  In  addition  to  the  sise  of  the  wake  its  direction  must 
be  considered.  Ahead  winds  are  possibly  the  least  troublesome.  When  out  to  the  port  side  the  halioopter 
will  be  flying  in  the  undisturbed  fres-stream,  there  will  (hen  be  a  short  transient  period  as  it  trans¬ 
lates  through  the  band  of  turbulenoe  at  the  deok-edge  to  reach  the  area  of  lower  velooitieB  over  the  deck. 
Probably  the  worst  case  occurs  when  the  relative  wind  is  approximately  30°-40°  on  the  starboard  bow.  In 
this  case  all  the  hovering  and  translation  on  to  the  deck  will  be  carried  out  with  the  aircraft  completely 
immersed  in  the  turbulent  wake.  If,  at  the  same  time,  the  deok  size  constrains  the  helicopter  to  land 
facing  fore  and  aft  then  the  pilot  may  need  a  considerable  amount  of  rudder  control  to  hold  tois  heading 
(the  majority  of  decks  oan  accept  a  misalignment  between  helicopter  and  ship  of  at  least  -  20°  on  this 
heading,  but  for  night  landings  it  is  probably  inadvisable  to  allow  more  than  soy  -  10°).  Yet  sufficient 
control  margin  must  still  remain  to  deal  with  wind  fluctuations  and  for  manoeuvring,  typically,  in  such  a 
case,  where  a  sideways  manoeuvre  is  required  to  be  mad*  towards  the  deck  in  an  upwind  direction,  there  oan 
be  an  additional  power  demand  of  some  15-20J*  (Figs,  7a  and  b).  This  could  increase  if  the  pilot  allowed 
the  helicopter  to  get  too  low,  when  he  would  also  find  himself  in  a  region  of  downward  moving  air  on  the 
port  side. 

Thus  there  axe  obvious  benefits  to  be  gained  by  allowing  the  aircraft  to  approach  facing  into  wind  if  thii. 
is  possible,  though  there  is  an  exception.  This  is  when  the  wind  is  at  an  angle  greater  than,  say,  20° 
on  the  port  bow,  in  which  case  an  approach  from  starboard  is  preferable  to  the  standard  routine  used  on 
the  port  side.  Slight  difficulties  have  also  arisen  on  occasions  when  approaching  directly  into  a  strong 
beam  wind.  On  reaching  the  far  side  of  the  deck,  to  ensure  adequate  tail  wheel  clearance  with  the  other 
deok  edge,  pilots  have  reported  a  restraint  on  their  forward  progress.  This  nay  have  been  brought  about 
by  the  rotor  encountering  a  region  of  higher  airspeed  together  with  an  upward  curving  flow  (Fig.  fid). 

This  would  result  in  a  backward  and  a  lateral  flapping  of  the  rotor  disc  with  corresponding  tilts  of  the 
thrust  vector. 

7.  THE  PROBLEM  OF  BECK  SIZE  AND  SUPERSTRUCTURE 

As  might  be  expected  the  smaller  the  deck  relative  to  the  dimensions  of  the  helicopter,  in  particular 
those  of  the  undercarriage  and  the  overall  length,  the  greater  the  difficulties  involved.  Allowances  must 
be  mod*  to  cover  inaccuracies  of  landing  and  to  give  adequate  clearance  between  the  rotor  tips  and  L-:.ips' 
structure.  At  the  present  time  it  is  thought  that  an  absolute  minimum  of  about  1.5  a  should  be  allowed 

for  eaoh  of  those  two  factors.  The  magnitude  of  both  will  be  influenced  by  the  handling  characteristics 

of  the  helicopter,  including  the  view  and  visual  references  available  to  the  pilot.  Good  visual  references 
must  also  be  given  to  the  Flight  Beck  Officer,  who  helps  to  relay  the  required  information  to  the  pilot, 
particularly  at  night.  Estimation  of  distances  in  the  longitudinal  direction  is  not  easy  and  as  it  is 
both  difficult  and  undesirable  for  a  pilot  to  turn  his  head  and  look  out  sideways  from  his  cockpit  for  any 
length  of  time,  a  good  design  aim  would  be  to  provide  a  clear  downward  view  to  the  right  front  where  one 

undercarriage  wheel  could  be  seen  relative  to  a  transverse  line  marked  over  the  full  width  of  the  deck. 

Bata  on  variations  in  landing  positions  are  available  from  two  sources.  Firstly,  7  ships  (mainly  Leander 
class  frigates  that  operate  tfasp  helicopters)  regularly  reported  on  every  touchdown  under  operational  con¬ 
ditions  at  sea  over  a  period  of  three  months  in  the  winter,  making  a  total  of  several  hundred  landings. 

The  "errors"  are  shown  in  probability  form  in  Figs. 8a  and  b.  There  were  significant  variations  between 
individual  ships  but  these  could  have  been  due  to  the  occurrence  of  systematic  errors  in  observations 


that  were  Incidental  to  the  main  operational  taak.  Further  more  accurate  observations  have  been  made 
during  recent  trials  at  sea*  A  typical  result  is  shown  in  Fig.  9  but  so  far  insufficient  data  of  this 
latter  type  have  been  collected.  Nevertheless,  the  results  in  Figs.  8  and  9  both  show  greater  inaccuracies 
in  the  longitudinal  landing  position  than  in  the  lateral  position.  It  oust  be  pointed  out  that  this 
information  does  not  indicate  the  precision  with  which  pilots  can  land  on  a  given  spot,  but  how  they  use 
the  space  available  to  them  within  the  landing  area  marked  out. 

In  fact,  mainly  because  of  a  recent  demand  to  siien  the  operational  capabilities  of  the  larger  helicopters 
on  some  >u*  the  smaller  flight  decks,  we  have  changed  our  policy  on  deck  markings.  No  longer  is  the  pilot 
shown  the  area  in  which  he  may  safely  place  his  undercarriage  wheels  (Fig.  3b),  he  ia  now  given  an  timing 
point  on  the  deck.  Because  the  pilot  may  wish  to  take-off  or  land  facing  into  the  wind,  which  could  be 
in  any  azimuth  direction  relative  to  the  ship,  this  aiming  point  is  developed  into  a  circular  line  as  in 
Fig.  10. 

If  the  width  of  the  flight  deck  is  small  compared  with  the  distance  b»*~  ten  the  fore  and  aft  wheels  of  the 
undercarriage  then  the  helicopter  will  be  constrained  to  land  and  -te-off  facing  approximately  in  the 
fore  and  aft  direction.  This  in  turn  imposes  a  limitation  on  the  ship's  movements,  Either  the  helicopter 
must  be  launched  or  recovered  only  when  the  ship  is  steaming  directly  into  wind,  or  the  ship  must  restrict 
its  operations  to  maintain  a  side  wind  component  of  less  than  15  knots  on  the  helicopter.  Uost  of  the 
helicopters  are  nominally  cleared  to  fly  sideways  at  30  knots.  The  15  knot  limitation  is  indicative  of 

the  inadequacy  of  thoir  ruoder  control  and  of  the  margins  that  must  be  maintained  when  operating  from 

ships. 

Farther  phenomena,  but  operationally  less  important  ones,  occur  if  the  rotor-disc  overlaps  the  deck  edge. 
Firstly,  with  side  wind  on  the  hull,  vertical  airflows  can  impinge  on  the  cuter  edges  of  the  rotor  dlBO 
and  cause  pulsating  loads  which  may  be  fed  back  to  the  pilot's  control  stick.  These  vertloal  flows  can 

also  give  changes  in  disc  tilt,  and  henoe  control  moments,  contrary  to  those  desired  by  the  pilot.  The 

interaction  between  these  environmental  conditions  and  the  aerodynamics  of  the  rotor  have  not  yet  been 
fully  investigated,  nor  the  subjective  observations  of  the  pilots  fully  explained.  Secondly,  the  'ground' 
beneath  the  rotor  .  .  limited  in  area.  The  usual  ('infinite')  ground-effeot  is  to  reduce  the  power  required 
to  hover,  or  alternatively,  to  increase  the  lift  from  the  rotor  for  the  asms  power.  Brief  tests  were 
carried  out  to  check  whether  the  fact  that  the  deck  dimensions  were  finite  influenced  the  power  required 
to  hover.  A  reduction  was  measured,  but  it  was  small  and  unlikely  to  be  operationally  significant, 
especially  since  deck  operations  frequently  take  place  in  relative  winds  of  between  15  and  25  knots,  or 
can  be  made  to  do  so  by  virtue  of  the  ship's  speed.  Any  advantageous  ground  effeot  would  in  any  case  be 
small  at  such  speeds  and  the  effeot  is  soon  outweighed  -  at  about  15  knots  -  by  the  reduction  of  lnduoed 
power  that  occurs  with  increase  of  speed  irrespective  of  ground  effeot. 

In  the  past,  reports  have  been  made  of  loss  of  main-rotor  lift  while  hovering  in  ground-effeot  dose  to 
vertical  walls.  The  effect  has  beer  to  deflect  the  rotor  downwash  up  the  wall  and  through  the  rotor  again, 
thus  inducing  vortex  ring  conditions.  Sons  preliminary  tests  were  conducted  by  R.A.E.,  Bedford,  to  check 
whether  such  a  phenomenon  was  likely  to  be  induced  on  board  ship.  Recirculation  was  t atablished  and  the 
tests  showed  that  the  proximity  of  superstructure  would  increase  the  pilot's  stick  movements  and  power 
demands  although  no  trim  changes  could  be  detected.  Airing  recent  trials  at  sea  with  the  Sea  King  a  similar 
situation  was  observed  when  the  aircraft  approached  close  to  the  tide  of  the  ship,  more  or  leas  at  flight 
deok  leval  in  calm  air.  Sea  water  spray  could  be  seen  shooting  up  vartioally  at  the  aids  of  the  hull  end 
recirculating  through  the  outer  region  of  the  rotor  disc. 

8.  THE  PROBLEM  OF  SHIP  MOTION 

The  chief  characteristic  of  wave  motion  in  the  sea  is  its  irregularity,  and  extensive  simplifications 
are  made  when  considering  the  motion  of  a  ship  in  relation  to  the  problem  of  helicopter  operations.  Tha 
velocitiea  and  accelerations  of  the  deck  are  relevant  as  well  as  the  amplitude  of  the  motion  which  is 
assumed  to  be  simple  harmonlo.  Although  in  any  given  sea  state  the  angular  movements  of  the  smaller 
vessel*  may  be  greater,  the  distance  of  the  flight  deck  from  the  effective  axes  pitoh  and  -oil  will  be 
correspondingly  less.  Thus,  sines  tbs  periodic  times  art  not  widely  different,  i-  is  found  th-'.t  the  linear 
velocities  and  accelerations  at  the  flight  deck  remain  mich  the  same  value  irru  pectiv*  of  ebip  size. 

Yawing  and  changes  in  ship’s  heading  could  be  vozy  significant  and  thay  are  kept  to  a  minimum  when  launch¬ 
ing  or  recovering  an  aircraft.  Ships  usually  roll  at  their  own  natural  frequency  whereas  the  pitch  and 
heave  motion*  depend  among  other  things  upon  the  period  of  encounter  with  the  waves.  For  all  but  the  very 
largest  ships  the  roll  period  is  taken  to  be  between  8  and  10  seconds,  and  between  6  and  7  second*  for  the 
pitoh  and  heave. 

Although  in  practice  the  wav*  motion  i*  irregular  and  the  amplitude  of  the  deok  motion  is  not  eonatant, 
short  intervals  of  tlma  occur  when  the  movement  ia  relatively  small.  It  is  assumed  that  the  helicopter 
can  land-on  or  take-off  at  these  times,  even  in  rough  seas,  since  the  moment  of  touchdown  or  lift-off 
can  be  chosen  by  the  pilot  and  the  duration  of  the  action  is  only  a  matter  of  a  few  seconds.  For  these 
manoeuvre*  the  limits  of  roll  and  pitch  have  been  set  at  i  5°  and  A  2§'  respectively.  For  comparison  it 
has  been  estimated  that  in  sea  state  5,  which  can  be  associated  with  a  natural  wind  of  about  30  knots,  a 
small  frigate  would  have  a  roll  amplitude  of  t  4°  and  a  pitoh  amplitude  of  t  1°,  with  a  probability  of 
exceedance  of  60J<. 

After  land-on  and  just  before  take-off,  the  helicopter  will  be  standing  cn  deck  with  its  rotors  running 
for  say  one  to  two  minutes.  Thus  there  is  a  chance  that  the  limits  above  may  be  exceeded  during  this 
time  and  it  would  be  advisable  for  the  aircraft  to  be  lashed  to  the  deoks,  since  with  rotors  taming  size¬ 
able  lift  forces  can  still  be  generated.  In  calculating  the  forces  and  momsnts  that  tend  to  topple  the 
helicopter  or  cause  ic  to  slide  on  deck  under  these  conditions  values  of  the  order  of  I  8°  and  *  2°  for 
roll  and  pitch  are  taken,  which  in  the  example,  would  have  a  probability  of  exceedance  of  about  ljjt.  If 
there  is  a  need  to  move  the  helicopter  along  the  deok  it*  rotors  will  not  be  turning  but  neither  will  it 
be  firmly  lashed  down.  Manoeuvring  on  deok  in  rough  seas  is  not  going  to  be  accomplished  quickly  and 
the  possibility  must  be  considered  of  a  deok  oration  of  large  amplitude.  Values  of  th-»  order  of  t  14°  of 


roll  and  -  4°  of  pitch  are  used  which  on  the  small  frigate  would  have  a  probability  of  exceedance  of  O.ljC. 
The  corresponding  values  for  heave  at  the  above  probabilities  are  t  0.6  a,  t  1.2  a.  and  t  2.1  a. 

Unlike  landing  on  sloping  ground  ashore  the  pilot  cannot  be  certain  beforehand  in  which  direction  the  deck 
will  be  inclined  at  the  instant  of  touchdown.  He  is  unable,  therefore,  to  anticipate  the  control  move- 
ments  that  will  be  needed.  Bis  requirements  will  be  for  a  control  system  that  will  give  him  the  ability 
to  move  his  helicopter  rapidly  and  precisely  without  unduly  large  stick  movements.  All  the  same,  the  best 
technique  is  probably  for  the  pilot  to  keep  his  'wings  level*  and  not  atteapt  to  follow  the  action,  other¬ 
wise  there  is  a  chance  that  he  will  become  disorientated,  particularly  at  night. 

Evidence  to  support  the  presumption  that  ship  motion  increases  the  difficulty  of  landing  was  given  in 
the  reports  on  touchdown  position  referred  to  in  para.  7<  Figs.  11a  and  b  show  that  the  probability  of 
landing  further  away  from  the  optimum  deck  spot  increased  as  the  deck  movement  became  greater.  This  was 
particularly  sc  for  the  lateral  position. 

In  contrast  to  landing*  ashore,  the  rate  of  descent  of  the  helicopter  will  be  a  combination  of  the  air¬ 
craft  and  the  deck  vertical  velocities.  It  could  be  expected  that  pilots  would  thus  have  greater  diffi¬ 
culty  in  Judging  this  touchdown  speed,  leading  to  heavier  loads  in  the  undercarriage  or  possibly  to  over- 
tozquing  of  the  rotor  transmission  in  an  attempt  to  stop  or  reverse  away  from  a  rising  deck.  That  such 
occurrences  are  rare  is  both  a  tribute  to  the  pilot! '  skill  and  an  indication  that  the  lift  control  on 
present-day  helicopters  is  on  most  occasions  compatible  with  daok  landing  manoeuvrea.  The  relative 
velocity  between  the  helicopter  and  the  deok  bos  been  measured  on  all  the  ship  trials  and  it  is  from  these 
that  the  curves  given  in  Fig.  12  have  been  derived.  The  measurements  were  made  with  a  high-speed  cine 
camera  and  only  daytime  landings  are  included.  The  curves  show  that  the  Wasp  helicopter  is  more  likely 
to  produce  the  higher  values  of  touchdown  valooity  while  the  Baa  King  will  achieve  the  lowest  values. 

That  is,  the  highest  velocities  appear  to  be  associated  with  the  smallest  helicopter  operating  from  the 
smaller  decks,  and  conversely.  On  the  other  har.i,  the  curve  for  the  Sea  King  is  baaed  on  the  smallest 
number  of  results.  It  is  known  that  the  probability  curves  will  move  to  the  right  as  more  results 
become  available.  A  possible  contribution  to  this  trend  is  the  familiarity  and  confidence  that  pilots 
acquire  in  their  aircraft  with  time.  Our  experience  froa  the  trials  is  that  piloting  technique  has  a 
bigger  influence  on  landing  velocities  and  undercarriage  loads  than  does  ship  motion.  In  fact,  attempts 
to  correlate  the  rates  of  descent  with  deck  movement  and  with  relative  wind  over  the  dook  have  yielded 
the  result  that  high  rates  of  descent  are  more  likely  to  occur  at  the  lower  wind  speeds  and  when  the  deck 
is  level I  This  may  merely  refleot  the  greater  caution  exercised  by  pilots  on  the  landing  task  as  the  sea 
state  increases.  More  investigation  is  warranted  such  us  the  monitor ing  of  the  time  spent  in  hovering 
over  the  deck  before  touchdown  and  of  the  workload  in  the  cockpit. 

Other  mow  subjective  effects  of  ship  motion  have  been  notioed.  For  example,  at  times  pilots  try  to  beat 
the  motion  by  dropping  the  helicopter  rapidly  on  to  the  deok.  It  is  in  situations  suoh  as  this  that  the 
undercarriage  needs  to  have  good  energy  absorption  properties  without  rebound.  Very  rapid  reduction  of 
the  main-rotor  collective  pitch  can  be  detrimental  if  there  is  no  corresponding  removal  of  rudder  control 
to  reduce  tail-rotor  thrust,  because  high  side  loads  will  then  be  induced  in  the  tail  wheel  and  rear  fuse¬ 
lage  on  impact  with  the  deok. 

There  are  occasions  when  deck  motion  can  be  disconcerting  to  the  pilot  at  take-off.  Should  conditions 
which  require  full  poser  at  take-off,  such  as  maximum  weight,  high  air  temperature ,  and  zero  wind, 
coincide  with  a  sea  swell  that  causes  large  vertioal  movements  of  the  landing  platform  then  the  pilot 
may  find  that  he  does  not  lift  off  the  deck  straight  away.  This  will  be  particularly  so  if  he  initiates 
the  take-off  at  the  wrong  moment  in  the  deck  pitohing  oycle,  for  then  the  deok  could  be  rising  at  a 
faster  rate  than  the  h-1 loop ter. 

9.  CONCLUDING  REMARKS 

The  task  of  flying  a  helicopter  on  to  or  froa  the  deck  of  a  ship  differs  from  similar  activities 
ashore  because  the  environment  involves  a  greater  degree  of  turbulence,  a  restricted  apaoe,  and  deck 
motion.  The  flying  control  systems  of  the  helicopters  currently  used  have  not  been  specifically  altered 
to  deal  with  this  environment,  but  there  seems  to  be  a  general  opinion  among  Royal  Navy  pilots  that  the 
Wasp  is  the  helicopter  most  suited  for  the  task.  A  number  of  faotors  must  influence  this  opinion  and  it 
is  possible  that  the  pilot's  view  and  undercarriage  performance  are  taken  into  account,  as  well  as  the 
control  characteristics.  Freedom  froa  ground  resonance  and  aircraft  size  may  be  significant  also.  More 
studies  and  comparisons  are  required  to  determine  the  importance  of  the  various  parameters  and  to  help  to 
formulate  criteria  for  the  required  handling  qualities. 

Ideally,  a  ship  should  be  capable  of  operating  a  helicopter  froa  its  deok  without  imposing  restrictions 
on  its  freedom  to  sail  in  any  direction,  by  day  or  by  night,  whatever  the  weather.  That  this  is  not  always 
achieved  is  shown  in  Fig.  13.  In  this  diagram  100$*  freedom  of  manoeuvre  would  represent  the  ideal, 
would  indicate  that  the  ship  could  not  operate  the  helicopter  under  any  conditions.  This  representation 
is  the  result  of  empirical  integrations  of  limits  such  as  those  shown  in  Fig.  9,  including  the  limits  for 
stopping  and  starting  the  rotors,  for  different  values  of  ship  speed  and  direction  and  natural  wind.  The 
restrictions  can  be  expressed  in  this  way  because  the  limiting  faotor  for  present-day  operations  is  the 
ability  of  the  helicopter  to  manoeuvre  within  the  turbulent  environment  of  a  ship.  To  be  more  specific, 
there  are  boundaries  of  relative  wind  sooed  and  direction  beyond  which  the  helicopter  has  insufficient 
power  (or  transmission  torque  allowance)  to  manoeuvre.  Taw  control  is  especially  demanding  on  the  power 
available,  and  when  holding  the  helicopter  against  a  side  wind  the  limit  is  soon  reached.  This  situation 
is  again  reflected  in  Fig.  13  by  the  curves  for  the  Wessex  (day  and  night)  and  the  Wasp  (night)  which 
represent  conditions  when  the  helicopters  are  restricted  to  landings  approximately  in  line  witn  the  ship's 
heading.  Allowing  the  helicopter  to  face  directly  into  wind  gives  greater  operational  freedom  as  indicated 
by  the  curve  for  the  Wasp  (daytime).  Deck  motion  has  not  been  found  to  be  so  limiting  as  was  once  thought, 
particularly  in  roll.  Tribute  for  this  must  go  in  part  to  the  pilots  for  the  skills  and  techniques  that 
they  have  developed.  At  the  same  time,  the  introduction  oi  ships  stabilised  in  roll  must  have  been  a 
contributory  factor. 
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The  task  no*  is  to  extend  the  current  operational  liaits  towards  the  ideal.  At  present  there  are  pallia¬ 
tives  which  provide  some  extension.  For  example,  if  the  helicopter  can  be  placed  in  the  lee  of  the  ship's 
superstructure  then  its  rotors  can  be  stopped  or  started  in  relative  winds  from  ahead  greater  than  those 
indicated  in  the  diagrams.  Also,  the  limits  car.  be  Increased  if  the  helicopter  is  flown  at  weights  less 
than  the  maximum,  which  is  frequently  the  case.  This  is  a  useful  procedure  when  high  ambient  tempera¬ 
tures  and  light  winds  are  prevailing.  The  trials  have  shown  areas  of  potential  improvement.  A  consider¬ 
able  gain  would  be  brought  about  by  allowing  the  helicopter  always  to  face  into  the  relative  wind.  For 
the  larger  helicopters  this  would  require  many  of  the  decks  to  be  made  wider  -  not  an  easy  thing  to 
achieve.  Similar  gains  would  be  made  in  the  present  restrictive  night  limits,  not  only  by  improving  the 
visual  landing  aids  but  by  making  them  omni-directional  as  well.  But  to  sake  provision  for  approaches 
from  any  azimuth  direction  at  night  would  be  very  difficult.  Alternatively,  the  advantages  to  be  gained 
by  facing  directly  into  wind  oould  be  met  partially  by  improvements  in  the  design  of  the  helicopter.  The 
greatest  need  is  for  more  powerful  yaw  control  but  an  all-round  increase  in  power-margins  would  also  be 
beneficial.  Another  area  that  has  not  yet  received  sufficient  attention  is  the  airflow  around  the  ship. 

It  should  be  possible  to  reduce  the  eddy  3hedding  and  hence  the  small  scale  turbulence  by  redesigning  or 
repositioning  masts,  funnels,  etc.  Investigations  should  be  made  to  determine  the  effects  of  superstructure 
width  and  shape,  and  to  ascertain  whether  clear  spaoes  beneath  the  flight  deck  (Flg>  10)  are  beneficial. 

Quantitatively  the  trials  have  not  yielded  all  the  data  that  we  would  like.  For  instance,  very  few 
results  have  been  obtained  under  rough  sea  conditions.  The  requirement  now  is  to  know  how  the  helicopters 
are  used  by  the  service  pilots  during  their  routine  flying.  To  achieve  this  several,  programmes  have  been 
initiated! 

,(i)  A  Wessex  helicopter  is  to  be  instrumented  so  that  the  pitch  angles  of  blades  of  the  tail 
rotor  can  be  monitored. 

(il)  Investigations  are  underway  on  the  application  of  a  doppler  radar  devioe  to  measure  rates 

of  descent.  This  instrument  is  small  enough  to  be  attaohed  to  each  individual  undercarriage 
leg  and  will  give  Information  on  night  landings  for  the  first  time. 

(ill)  A  small  electrical  spirit-level  ie  on  trial  as  a  means  of  measuring  deck  motion  more  preoleely. 
Direct  readings  will  be  available  to  the  Ship's  Command  whioh  will  enable  them  to  work  more 
accurately  within  the  limits  set  down.  It  is  hoped  thnt  the  devioe  can  be  used  also  for 
recording  deck  motion. 
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FIG. 6  WINDFLOW  ON  RFA  GREEN  ROVER  2METRES  ABOVE  DECK  LEVEL 
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FIG.  8  PROBABILITY  OF  EXCEEDING  POSITION  ERROR  FROM 
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DIX  ANS  D’EXPERIENCE 

AVEC  LES  HELICOPTERES  EN  OPERATION  DANS  LES  ARMEES  FRANCAISES 


A.Renaud 

Society  Nationale  lndustrielle  AEROSPATIALE 
Avenue  Marcel  Cachin  -  93  La  Coumeuve 
France 


II  n’est  pas  rare  que  dans  les  assemblies  oil  constructeurs  et  utilisateurs  sont  reunis  pour  ichanger  leurs  idees, 
certaines  voix  s’elivent  pour  mettre  en  evidence  un  fait  qui  semble  etre  universe!,  k  savoir  (’incomprehension  qui 
preside  aux  rapports  entre  ceux  qui  fabriquent  des  appareils  et  ceux  qui  les  utiliscnt.  II  a  done  semble  interessant 
d’examiner  El  la  lueur  d’exemples  fournis  par  quinze  annees  d’etudes  et  de  production  d’helicopteres  a  I’Aerospatiale, 
si  cet  itat  de  fait  est  cclui  qui  existe  en  France,  dans  ce  cas,  oil  il  trouve  son  origine,  ce  qui  a  ete  realise  pour  le 
faire  disparaitre  et  ce  qui  reste  k  fair  pour  atteindre  ce  but. 

II  parait  cependant  nicessaire  de  faire  une  remarque  priliminaire  importante:  les  rapports  entre  constructeur 
et  utilisateur  different  ividemment  sensiblement  selon  qu’un  helicoptere  est  construit  pour  repondre  a  une  demande 
precise  d’un  utilisateur  ou  qu'un  programme  est  lance  de  la  propre  initiative  de  1’industricl.  Ceci  nc  veut  cependant 
pas  dire  qu’il  iie  faut  tenir  compte  des  remarques  des  utilisateurs  potentiels  que  lorsqu'ils  s’interessent,  de  maniire 
precise,  a  un  appareil. 

C’est  ainsi  que  la  famille  des  Alouette  n’a  pas  trouve  son  origine  dans  une  demand  formelle  d'un  utilisateur. 
Mais,  petit  k  petit,  le  nombre  des  clients  s’etant  accru,  des  iddes  se  sont  faites  jour  qui  ont  donne  et  donnent  encore 
lieu  4  des  modifications  des  appareils. 

C’est  plutot  dans  le  programme  suivant  de  la  production  d' Aerospatiale  que  Ton  trouve  trace  des  ^changes 
entre  utilisateur  et  constructeur.  Ce  programme  est  celui  du  Super  Frelon.  Cet  helicoptere  devait  corresponds  k 
1’idee  suivante  de  la  Marine  F*:  puisque  le  monde  semble  s’acheminer  vers  une  periode  ou  le  temps  de  guerre 
declare  sera  remplace  par  des  alternances  de  crise  et  de  detente,  il  faut  disposer,  en  matiere  de  lutte  contre  les 
sous-marins,  d'un  systdme  d’armes  qui  permette  de  connaitre  la  presence  de  ces  batiments,  de  les  suivre  aussi  long- 
temps  qu’il  est  necessaire  et,  eventuellement,  de  les  detruire.  Aerospatiale  fut  charge  par  le  Gouvemement  framjais 
de  coordonner  la  realisation  de  ce  systeme  d’armes,  qui  devait  etre  efficise  contre  des  sous-marins  marchant  au 
moins  k  25  noeuds  en  ptongee  et  capables  de  demeurer  immerges  pendant  de  tris  longues  periodes. 

Contre  un  tel  type  de  batiment,  outre  1’ecoute  passive,  I’utilisation  des  ultra-sons  etait,  aux  environs  de  I960, 
le  seul  moyen  de  detection  envisageable.  Un  sonar  de  la  famille  AQS-13  fut  done  retenu.  Mais,  comptc-tenu  des 
portees  de  detection  possibles,  il  etait  evident  que  le  sous-marin  ayant  une  grande  marge  de  vitesse  risquait  de 
pouvoir  s’echapper,  s’il  n’dtait  pas  possible  de  diriger,  sur  de  nouveaux  points  de  recherche,  d’autres  heiicopteres, 
lorsque  l’objectif  arriverait  en  limite  de  port6e  du  sonar.  Cette  manoeuvre  devrait  etre  accomplie  avec  precision, 
avec  une  certaine  souplesse  et  avec  un  echange  suffisant  d’informations.  Precision  pour  retrouver  le  sous-marin, 
souplessc  pour  changer  le  lieu  de  mise  en  station  d’un  helicoptere  pendant  son  transit,  en  cas  de  tent,  tive  d’evasion 
du  sous-marin  et  ^change  d’informations  pour  donner,  k  1'autre  helicoptere,  k  son  arriv6e  en  station,  la  possibility  de 
trouver  son  but  aussi  rapidement  que  possible. 

Pour  accomplir  cette  tache,  if  fut  fait  appel  a  un  radar  fabrique  par  la  Society  Fran^aise  C.F.T.H.  appele 
SYLPHE  permettant  de  localiser,  <1  partir  d’un  appareil  porteur,  trois  autres  heiicopteres  et  de  leur  transmettre  des 
informations  codees.  La  synthetisation  ac  la  situation  tactique  etant  de  premiere  importance,  celle-ci  fut  presentee 
sur  une  table  dite  table  tactique,  derivee  de  celle  construite  par  la  Ste  Crouzet  pour  le  patrouilleur  Atlantic.  Sur 
cette  table  apparait  un  quadrillage  de  coordonnees  grille  par  rapport  3uquel  la  position  de  l’hclicoptere  porteur  est 
constamment  entretenue  en  utilisant  les  informations  fournies  par  un  radar  doppler.  Cette  position  est  materialisec 
par  un  petit  cercle  gradue  sur  lequel  est  reper6  le  cap  de  I’heiicoptere.  Les  trois  autres  appareils  sont  representes 
par  des  croix  de  diff6rentes  couleurs  dont  les  positions  sont  automatiqueinent  entretenues  par  l’intermediaire  du 
radar  SYLPHE. 

Les  objectifs,  detectes  par  le  sonar  de  I’heiicoptere  porteur,  apparaissent  egalement  sur  la  table  tactique,  de 
telle  manure  qu’il  est  possible,  connaissant  la  position  de  l’objectif  et  celle  des  quatre  heiicopteres,  de  deplacer  un 
de  ceux-ci  pour  pister  le  sous-marin.  Pour  faire  executer  cette  manoeuvre,  le  commandant  du  dispositif  envoie, 
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egalement  par  1’intermediaire  du  radar  SYLPHE,  d  l’apparei!  qu’il  a  choisi,  une  route  d  suivre  et  une  distance  d 
parcourir.  Ces  deux  elements  sont  entretenus  pendant  le  transit  de  I’hdlicoptdre  en  diplacement,  et  peuvent  etre 
modifies  d  tout  moment,  si  le  sous-marin  change  soit  sa  route,  soit  sa  vitesse. 

Ce  qui  intdresse  surtout  les  utilisateurs,  c’est  la  pricision  d'ensembe  d’un  tel  systdme  d’armes.  Sexploitation 
des  nombreux  essais  en  vol  effectuis  avec  des  sous-marins,  ont  montri  que  le  Super  Frelon  peut  larguer  sa  torpille 
MK.44  dans  un  cerde,  autour  de  la  position  du  sous-marin,  tel  que,  compte-tenu  des  performances  de  la  tete 
chercheuse  de  cette  arme,  il  existe  de  tris  grandes  chances  de  faire  but  sur  I’objectif. 

On  peut  done  conclure  que  le  systdme  d’armes  du  Super  Frelon  est  d  la  hauteur  des  espoirs  que  la  Marine 
framjaise  avait  fonde  sur  lui.  Comment  est-on  arrive  d  ce  risultat? 

La  complexity  des  iquipements  mis  en  oeuvre  ytait  telle  qu’il  fut  dicidi  de  donner  plus  de  souplesse  et  d’ef- 
ficacite  aux  procedures  administratives  habituelles.  Pour  ce  faire,  Adrospatiale  re$ut  la  tache  de  coordonner  les 
activitis  de  tous  les  fabricants  d’iquipements  et  de  prendre  ta  responsabiliti  de  rintigration  de  tous  les  equipements 
d  l’intdrieur  de  ce  systdme  d’armes.  En  particular,  cette  Society  devait  faire  tous  les  essais  au  sol  et  en  vol  permet- 
tant  d’aboutir  d  une  mise  au  point  satisfaisante.  En  cas  de  difficulty*  risquant  de  mettre  en  cause  soit  les  dilate, 
soit  le  budget  de  l’opdration,  elle  devait  proposer  toute  modification  jugde  souhaitable  ou  tout  compromis  permet- 
tant  d’aboutir  au  risultat  recherchi,  au  moindre  cout,  par  exemple  accepter  des  performances  moindres  sur  un 
iquipement,  si  celles-ci  n’itaient  pas  nicessaires  a  1’obtention  de  la  pricision  visde  pour  I’ensemble  du  systdme 
d’armes. 

Pour  l’aider  dans  sa  tache  et  faire  prendre  d  temps,  par  les  Services  Officiels,  les  decisions  necessaires,  un 
Croupe  de  travail  fut  cred  comprenant,  outre  Ayrospatiale  et  les  Services  Techniques  Officiels,  un  reprysentant  de  la 
Marine.  Toutes  les  fois  qu’il  ytait  nycessaire,  les  fabricants  d’yquipements  ou  les  ingynieurs  des  centres  d’essais 
officiels  etaient  convoques  aux  ryunions  de  ce  groupe.  Celles-ci  se  tenaient  systdmatiquement  tous  les  mois  et  tous 
les  probiymes  non  rysolus  etaient  passys  en  revue.  De  plus,  sous  (’impulsion  de  ce  gruupc,  il  fut  jycidy  que,  dans 
toute  la  mesurc  du  possible,  le  operations  de  controle  et  d’essais  en  vol  seraient  menyes  simultanement  par  le  cons- 
tructeur.  les  Services  Officiels  et  la  Marine.  L’adoption  de  telles  procydures  a  permis  de  ryahser,  en  environ  IS  mois, 
la  mise  au  point  d'un  systemc  d’armes  tres  complexe  et  rypondant  d  la  demande  des  utilisateurs. 

Chronologiquemcnt,  le  SA  330  PUMA  suit  de  tr^s  prys  le  Super  Frelon  dans  la  gamme  des  productions  de 
1’Ayrospatialc.  Cet  appareil  a  yty  con^u  pour  rypondre  d  une  fiche-programme  publide  par  I’Armye  de  Terre 
framjatee  en  1963  et  prycisye  en  1964.  II  devait  pouvoir  assurer  le  transport  de  12  hommes  yquipys  ou  le  ravitaille- 
ment  de  troupes  au  sol  ou  yvacuer  6  blessys. 

Ces  missions  peuvent  ne  pas  sembler  particulidrement  difficiles  d  accomplir  et,  de  fait,  le  Puma  fait  bcaucoup 
mieux  que  ce  qui  ytait  exigy  d  1’origine,  puisqu’il  peut  emmener  vingt  passagers  4  une  distance  franchissable  maxi¬ 
male  d’environ  625  km  et  est  capable  d’une  vitesse  de  croisiyre  supyricure  d  250  km/h.  Nyanmoins,  il  faut  bien 
avouer  que,  sur  certains  points,  l’Armye  de  Terre  n’a  pas  obtenu  tout  ce  qu’elle  demandait. 

Examinons  quels  sont  les  plus  significatifs  de  ces  points.  Le  plus  yvident  est  le  dygivrage  de  la  voilure  de 
I’apparcil.  Les  connaissances  techniques  de  1’dpoque  ne  permettaient  pas  de  ryaliser  un  tel  dispositif,  de  manidre 
yconomique.  en  1965.  Plus  originate  ytait  la  demande  d’un  train  d’atterrissage  automoteur  qui  aurait  yty  capable 
de  faire  dyplacer  l’appareil.  au  sol,  d  une  vitesse  d’environ  10  km/h  et  de  lui  faire  franchir  des  fossys  d  bords  francs 
de  0,50  m  de  largeur  ou  des  pentes  de  12s.  Ceci  correspondait  au  souci  Idgitime  de  l’Arm6e  de  pouvoir  mettre  d 
I'abri  et  camoufier  ses  appareils.  Malhcureusement,  la  rdalisation  d’un  tel  dispositif  aurait  yty  trop  ondreuse  et  fut 
finalement  abandonnd. 

De  meme,  un  systemc  de  navigation  autonome,  donnant  une  prdcision  de  0,5%  de  la  distance  parcourue  sur 
200  km  ytait  demandd.  II  aurait  donnd  ses  indications  d  la  fois  par  lecture  directe,  sur  une  carte,  par  exemple,  et 
par  entretien  de  la  route  et  de  la  distance  d  parcourir  pour  rallier  cinq  points  affichables  en  vol  par  l’dquipage.  Cet 
ensemble  de  navigation  ne  put  etre  realisd  pour  le  Puma  pour  des  raisons  budgdtaires;  par  contre,  Aerospatiale  a  fait 
etudier,  de  sa  propre  initiative,  un  systdme  moins  ambitieux  et  done  plus  dconomique.  disponible  a  ce  jour. 

C’est  dgalement  pour  des  raisons  financidres  que  l’Aviation  de  I’Armye  de  Terre  fran<;aise  a  du  renoncer  d 
munir  le  SA  330  d’un  dytccteur  d’obstacles,  pouvant  signaler  la  prdsence  de  cables  mdtiie  non  mytalliques,  et  d’un 
systdme  permettant  le  vol  de  groupe  par  mauvaises  conditions  mytyorologiques. 

Inutile  de  prdciser  que  ('abandon  de  ces  diffyrents  dquipements  a  dtd  difficile  d  aire  accepter  par  l’Armye 
frangaise.  II  cut  sans  doute  ete  infiniment  preferable  qu’un  dialogue  entre  constructed  et  utilisateur  mit  bien  en 
evidence,  avant  la  rddaction  de  la  fiche  programme  de  l’appareil,  les  probidmes  de  finance  et  de  delate  auxquels  il 
fallait  s’attendrc  pour  integrer  de  tels  systemes  a  un  hdlicoptdre  qui  par  ailleurs  devait  etre  robuste  et  devait  pouvoir 
etre  entretenu  par  des  unites  peu  equipees. 

De  ce  dernier  point  de  vue,  un  gros  effort  a  ete  fait  pour  donner  satisfaction  aux  utilisateurs.  Un  groupe  de 
travail  comprenant  des  representants  de  I’Armee.  des  Service  Officiels  et  d’Adrospatiale  a  etudie  dds  le  stade  initial 
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de  sa  conception  I’entretien  de  I’appareil.  II  s’est  efforce  avec  succAs  de  simplifier  les  travaux  A  exAcuter  pour 
cbtenir  le  maintien  en  disponibilite  de  cet  helicoptAre  et  d’utiliser,  au  maximum,  des  ensembles  intAgrAs  A  la  struc¬ 
ture  pour  faciliter  le  travail  des  Aquipes  au  sol. 

Autres  motifs  de  satisfaction  pour  I’utilisateur,  mis  A  part  les  performances,  dont  il  a  AtA  dAjA  parlA,  la  grande 
maniabilitA  de  I’appareil  due  A  sa  reserve  de  puissance,  qui  est  de  I'ordre  de  45%,  et,  Avidemment,  la  sAcuritA  qui 
resulte  de  cette  motonsation,  surabondante  pour  les  cas  normal  de  vol.  Celle-ci  permet  Agalement  le  transport  de  la 
charge  utile  maximale  jusqu’A  1 500  metres  d'altitude  et  35°  de  temperature  ambiante. 

Gnfin,  s’il  a  pu  apparaitre  que  I’ArmAe  de  Terre  franpaise  avait  eu  des  vues  quelque  peu  prophAtiques  au  moment 
de  la  conception  du  Puma,  cela  est  encore  plus  clair  si  I’on  sait  qu’elle  avait  egalement,  pour  cet  appareil,  demandA 
un  dispositif  permettant  de  supprimer  Ic  rotor  anticouple. 

Comme  chacun  sait,  ce  dispositif  a  AtA  mis  au  point,  sous  Ic  nom  de  Fenestron,  pour  le  dernier  nA  de  la  famille 
hAlicoptAres  de  1’ Aerospatiale:  le  SA341  Gazelle.  Une  conference  particuliAre  traitera  de  ce  sujet  interessant.  Aussi 
est-il  plus  opportun  de  signaler  les  points  qui,  sur  cet  appareil,  apporteront,  esperons-nous,  des  motifs  de  satisfaction 
aux  utilisateurs. 

% 

Ceux-ci  scront  sans  doute  constitues  par  ('amelioration  des  performances,  amelioration  considerable  par  rapport 
A  colic  des  Alouette  II,  auxquelles  cet  appareil  va  succeder.  Citons  d’abord  la  vitesse  qui  passe  de  180  km/h  A  260 
cn  croisiere,  la  vitesse  maximale  de  Gazelle  pouvant  atteindre  prAs  de  300  km/h  puisque  cet  appareil  a  battu  le 
record  de  sa  categorie  avec  plus  de  310  km/h.  Non  moms  intAressante  est  ('amelioration  de  la  charge  utile:  dans  le 
cas  de  I’Aouctte  II,  Ic  rapport  de  la  charge  utile  A  la  masse  maximale  de  l’appareit  Atait  de  45%  ;  il  devient  50%  pour 
Gazelle,  dAs  le  debut  de  la  production,  avec  des  espoirs  trAs  precis  d'amAliorer  encore  ce  chiffre  par  la  suite. 

Mais  les  preoccupations  d’ Aerospatiale  ont  portA  surtour  sur  les  maniAres  de  faciliter  I'entretien  de  cet  appareil 
et  de  rendre  sa  mise  en  oeuvre  plus  Aconomique.  C'est  ainsi  que  ses  pales  sont  en  stratifiA  fibre  de  vercerAsine,  ce 
qui  permet  de  confArer,  A  ces  ensembles,  une  durAe  de  vie  infmie  et  a  autorisA,  Agalement,  l’emploi  d’un  moyeu 
rotor  principal  simplifiA.  Si  celui-ci  conserve  I'articulation  ciassique  de  battement,  la  nAcessitA  d’utiliser  une  articula¬ 
tion  de  trainee  compliquAe,  comme  sur  les  hAlicoptAres  prAcAdents,  est  AliminAe  entralnant  une  simplification  des 
operations  d'entretien  de  la  tete  rotor.  De  mAme,  il  a  AtA  possible  de  ne  pas  utiliser  d’amortisseurs  pour  le  train 
d’atterrissage  gAnAralement  nAcessaircs  pour  Aviter  la  rAsonance  sol. 

Comme  pour  Ic  Puma,  un  groupe  de  travail  s’occupe  de  trouver,  pour  Gazelle,  des  solutions  simples  aux  prob- 
lAmes  d'entretien  courant  et  il  est  A  peu  prAs  certain  que  It  rapport  utilisA  habituellement,  caractArisant  la  frequence 
et  la  complexitA  de  ces  operations,  sera  infArieur  A  un  homme  heure  de  travail  par  heure  de  vol. 

A  travers  ces  exemples,  il  est  possible  de  dAgager  nuekjues  conclusions  concemant  les  rapports  constructeur- 
utilisateur.  Tout  d’abord,  une  flehe-programme  est  faite  dans  la  majoritA  des  cas  pour  un  appareil  qui  sera  en  forma¬ 
tion,  cinq  A  six  ans  aprAs;  elle  est,  done,  basAe  sur  les  connaissances  techniques  disponibles  au  moment  de  sa  rAdaction 
et  doit  tenir  compte  des  evolutions  envisageables  dans  le  courant  des  ann*es  suivantes.  Enoncer  cela,  c’est  Avidem- 
ment  montrer  la  nAcessitA  des  Achanges  qui  doivent  exister  entre  les  Etats-Majors,  les  IngAnieurs  des  Services  Officiels 
et  ceux  du  Constructeur,  au  moment  de  la  conception  d’un  programme. 

Ensuite,  toute  flehe-programme  doit  Atre  soumise  A  des  remises  A  jour,  car  ou  bien  elle  aura  fait  un  pari  trop 
audacieux  sur  les  evolutions  techniques  A  venir  ou  bien  certaines  ameliorations  se  seront  dAveloppAes  plus  rapide- 
ment  que  prAvu;  dans  un  cas  comme  dans  I’autre,  il  ne  faut  pas  hAsiter  A  modifier  les  clauses  techniques  de  I’apparei! 
et,  IA  encore,  les  Achanges  entre  les  diffArents  participants  du  programme  sont  nAcessaires. 

Enfin,  par  dessus  tout,  il  ne  faut  pas  perdre  de  vue  le  but  poursuivi,  c’est-A-dire  la  mission  que  doit  accomplir 
I’appareil.  Pour  y  atteindre,  certaines  exigences  initiates  peuvent  se  rAvAler  superflues,  par  contre  d’autres  demandes 
peuvent  avoir  AtA  trop  timides.  II  est,  ators,  nAcessaire  de  modifier  1'une  et  I’autre,  en  fonction  du  budget  imparti 
au  programme:  pour  ce  faire,  il  peut  etre  utile  de  crAer  un  group:  de  travail  comprenant  des  reprAsentants  de  I'Etat- 
Major,  des  Services  Techniques  Officiels  et  du  constructeur,  pour  faire  prendre  rapidement  les  dAcisions  nAcessaires. 

Reste  un  problAme  trAs  important:  I’amAlioration  de  1’exAcution  et  la  rAduction  du  nombre  des  opA rations 
d'entretien  des  appareils.  II  semble  que  ce  problAme  soit  traitA,  A  peu  prAs  partout  dans  le  monde,  par  une  Aquipe, 
groupant  une  fois  encore,  des  personnes  des  organismes  dAjA  citAs.  Inutile  de  dire  que  ce  problAme  est  abordA 
avec  tout  le  soin  nAcessaire  par  les  constructeurs,  ne  serait-ce  que  parce  que  les  hAlicoptAres  ont  de  plus  en  plus  de 
debouches,  dans  le  domaine  civil  ou  les  considArations  Aconomiques  sont  primordiales. 

Au  travers  de  ces  idees  generates,  il  apparait  que  la  conception  d’un  hAIicoptAre  modeme  et  sa  mise  au  point 
necessitent  un  travail  d’Aquipe  soutenu  auquel  doivent  participer:  Etats-Majors,  Services  Techniques  et  constructeurs. 
Cela  n'est  pas  IA  le  travail  le  moins  passionnant. 
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-  F1ABIL1TE  ET  SECUR1TE  EN  OPERATION  DES  PIECES  MECANIQUES  - 
-  POUR  HELICOPTERES  - 

IngOnieur  de  I’Armement  S. BERNER 

-  SERVICE  TECHNIQUE  AERONAUTIQUE  - 

-  4,  avenue  de  la  Porte  d’lwv  -  PARIS  XVe  - 


Lea  rdflexione  qui  euivent  n*  prdtendent  pea  fair*  l'inventair*  de  tout**  las  question*  quo  poM 
l'eaploi  de*  hdlioopthres  du  point  d*  vu*  d*  1*  adcuritd  *t  d*  la  fiabilitd.  EU*»  *'efforc*nt  plutSt  de  fair* 
1*  point  k  l'dohsll*  franqaiM  d*a  progrfcs  rdaliada  aur  c*  plan  dans  la  conception  d*s  pike**  adcaniquee  pour 
hdlioopthres. 

On  pourr*  au  premier  abord  a' 4 tonne r  de  l'acc«nt  que  noua  aettona,  en  lui  oonaacrant  cot  exposd, 
aur  la  ddfai llano*  d*a  pike* a  adcanicuea.  En  *ff*t  lea  eolliaicns  *n  vol,  1*  feu  d*  l'enneai,  lea  p*rt*a  de 
oontrdl*  d*  l'apparell,  lee  fautea  oaraetdriedea  du  p*r*onn*l  navigant  ou  au  sol,  prdokdent,  at  parfoia  de 
loin,  lea  ddfaillaaoe*  d*s  pikcea  adcaniquts  dans  1'analyM  par  iaportanc*  dea  oaus*a  d' accident a  ou  d' inci¬ 
dent*  d'bdlicoptkrea  (tableau  n*  1).  II  en  ddcoul*  que  l'on  demit  a'attacher  k  inatruir*  1*  parsonnel,  aettr* 
au  point  d*s  lispoeitifa  anti-collision,  diainu*r  la  rulndrabilitd  d*  l'bdliooptkr*  k  1 'action  advorM,  event 
d*  de— nder  auz  construe t*ur*  d*a  *na*abl*a  adcaniques  plus  fiablea  et  plua  adra. 

Force  noua  *at  d*  const* t*r  qua  la  situation  dans  la  rdalltd  *at  un  p*u  diffdrente,  et  qu*  al  on 
n*  pent  nier  l*a  effort*  rdele  fait*  dans  e*a  diver*  do*aln*s,  ils  ne  port* rent  probablement  lour*  fruit*  qu'k 
plus  lone  t*r— .  Par  oontr*  laa  organaa  adoaniquaa  cat  dtd,  oaa  domikraa  anndea,  l'objet  do  trko  noabrsuses 
dtudea  visant  k  eug— nter  laur  durd#  d*  via  ou  lour  potontiol  d'utilisatlon. 

Aprh#  avoir  ooullgnd  k  l'aida  d'un  ou  deux  oxaaploa  loa  aldaa  rencoatrd*  daao  la  ddt* ruination  daa 
durdoa  do  vi*  dot  pikoos  ndoaniquea  pour  hdlioopthres,  noua  *saay*rons  dana  un*  pr—ikr*  parti*  d*  prd**nt*r, 

«a  nous  appujant  aur  um  rdal last ion  pratique,  o*  qui  noua  aeabl*  Itr*  la  solution  d'avenir  t  la  conception 
k  oaraetkr*  "fall-oaf*".  Dan*  ism  dauxik—  parti*,  nou*  ptrleron*  d*  1*  qualifloatlo*  d**  bolt**  d*  t ran ami a- 
alon  adoaniquaa  at  da  1' attribution  da  lour  potontiol  initial  d'utillaation.  Coa  eujets  aont  actualleaant  au 
ooaur  d'un  eortain  noabr*  da  dlscusalona  ontr*  construe taur  ot  Service*  Official*  franqaia  et  nous  tdcherona 
do  prdcleer  au  nieux  notre  optique  dana  e*  ddbat,  on  la  confrontant  evec  oollas,  perfoia  at tea  dlffdrentea, 
adoptdea  dana  d'autrea  papa. 


-  DSTEWOHATIMI  DES  PUREES  DE  VIE  - 

La  fixation  da  la  durd*  d*  via  on  service  dot  pike**  vital**  d'hdUeoptkr**  trevelllant  k  1*  fati¬ 
gue  eat  un  problk—  Important  at  difficile. 

Trutes  loa  adthodea  rui  peuvent  Itra  aaploydaa  par  las  construeteurs  pour  Juatlfiar  aux  yaux  daa 
iutorltda  un*  vdo  da  via  on  oorvico  tendent  k  prendre  on  oonaiddration  lo  caraotkro  aldat'-ir*  d«  la  rdsio- 
tanc*  on  fati*  Jt  an  conadqueno*  k  *ati— r  la  narg*  k  prendr*  aur  la  rdslstanoa  moyenn#  pour  aalntonlr  1* 
riaoua  de  rupture  k  un  niveau  acoeptable. 

Rotoaa  ddjk  qu'k  oo  stado,  la  fixation  du  risque  acoeptable  pout  fair*  l'objat  d'apprdelatlona 
trko  dlffdrentea.  Appllqutr  par  axanpla  k  um  pikee  la  "rhgl*  i*d ricaint  daa  3  r",  ccnaiatant  k  prendr*  pou* 
la  c  our  be  da  Wohler  adr#  (Working  curve)  3,  II  un*  aarge  dgalo  k  trola  fola  la  diaperolon  par  rapport  k  la 
e our be  ajyenna,  ocoduit  k  multiplier  5  k  10  foie  la  durd*  do  vie  caloulde  par  la  Mdthode  franqaia#  (fig.  n*  1). 
II  faut  indlquer  tout  do  Mite  quo  cool  no  pdnaliee  pan  d*  faqon  grave  loa  oonetruoteur*  franqaia.  En  effet, 
la  narg*  da  rdsistano*  *ntr*  um  bonna  pike*  (2  000  hour**  par  example)  at  un*  mauvaia*(lOO  he urea)  tiant  k 
peu  da  oho  a*.  Environ  20  Jt  de  rdalatance  an  fatigue  auppld— ntalre,  qui  no  ddpondont  aouvent  quo  d'un  detain 
aoignd  dea  pikoos,  effort  toujour*  poaalbl*  au  atad*  prototype. 

Certain*  prdtandront  qu*  l'expdrienoe  an  eerric*  juatlfl*  k  poetdriorl  1*  validltd  d*  tell#  ou 
toll#  adthote.  Lo  rtitonn— nt  ast  inexact.  Ia  eurri#  effective  do  2  000  paloo  juaqu'k  la  durd#  da  via  fixde 
per— t  aaulenont  d'afflr— r  qu'll  y  a  peu  do  ehaneos  quo  lo  rlequt  initial  ait  dtd  aupdrieur  k  1/  2  000. 
Voulolr  prendr*  erg-amt  da  oatt*  rduaait#  pour  osaayar  de  prolcrger  la  durd#  do  vie  au  dolk,  com—  cola  pour- 
rait  a*  falx*  pour  don  pdkooa  non  vitalaa,  oonatltu*  la  — llleur  moyan  da  rdduir*  la  vi*  daa  paaaagara. 

Aprks  avoir  aouloasat  — ntlonnd  o«a  divorgonoea  do  adthodes,  qui  pouvont  ddjk  modifier  k  *11** 
aeuleo  l'ordr*  do  grandeur  doe  durdoa  d*  via  aoeorddea,  venous  en  k  ce  qui  leur  eat  oo— .  Dan*  la  ddteralns- 
tlon  ratlcnnell*  d*  la  durd*  d*  vi*  d'\SM  pi ho*  antra  la  eonnalsaane*  d#  trola  factours  d*  baa*  t 

-  Lea  eontralntoa  asaooldoa  k  cheque  oaa  do  vol  prdvu  dans  1*  epectr*  d'utilisation  d*  l'apparell. 

-  La  frdqutnce  d*  chamas  d*  ees  oaa  d*  vol. 

-  In  rdslatano*  on  fatigue  d*  la  pike*. 

Or  la  ooanaiaaaao*  d*  ehaeuti  d*  ce*  trola  factours  oat  eeeocid#  k  das  aids*  qu*  l'on  o'efforo*  do 
eouvrlr  —is  rar—ent  do  faqcn  aatiefalaante. 

Cltona  oa  um  illustration  qui  noua  aoablt  ease*  significative.  Ell*  concent*  la  degradation  on 
oorvico  de*  conditions  d*  travail  do*  plkcee  adcanlnuos. 

II  a'agit  do  la  rupture  an  vol  d'un  boulon  k  oeil  de  coaaiand*  d#  pa* aur  pal*  principal*  aurvenu 
au  ddbut  do  1'annd*  1969,  aur  un  appartil  Su>r-Frelon  dr  notre  Karin*  National*  (Pig.  n°  3). 

La  pilot*  avalt  dcourtd  sa  aission  k  la  suit*  d'un  niveau  vibratolr*  anoraal  d*  l'hdliooptkr*  et 
Mule  la  visit*  aprks  vol  rdvdla  la  rupture  total*  da  la  cage  o*  rotule  du  boulon  k  oeil. 

Lea  proalkrea  oonclualona  d*  1'exportiM  aontrkrant  qu*  la  rupture  n'4tait  pee  due  k  un  ddfaut 
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Aprki  un  mMn  syeteaatique  dea  '‘ldnenta  du  aoyeu  da  l'apparell,  mu*  rdsultats,  un  premier  rol 
da  contrfile  montra  qua  laa  efforts  dans  las  biellettes  4 talent  trka  supdrlauraa  k  la  normals.  L'dtat  d'droaion 
du  bord  d'attaqua  das  pales  conduislt  alors  k  pansar  qua  1' augmentation  das  efforts  dtait  due  k  uaa  anomalle 
aerodynamique  ou  A  une  rariation  du  centrag*  das  pales  due  k  l'droalon. 

Lee  essais  ultdrieuro  devaient  aontrar  qua  l'scgmentati-n  brutale  das  efforts  pourait  rdeulter 
d'une  drosion  d' aspect  tout  k  fait  normal  at  que  la  asulo  dispart tion  de  la  protection  anodlqua  dure  du  bord 
d'attaqua  suffiaait  k  endcouger  oonaiddrablesant  toute  la  chains  da  cosnsnda. 

In  figure  n°  2  montre  qu'an  croisikra  k  230  k*A>  on  rolait  au-dassus  da  la  VIE  arao  das  pales 
d rod dea,  oa  qui  expllque  la  rupture  oonstatda. 

L'dtabliaruient  dee  iurdes  da  vis  reposal  t  sur  des  con  train  tea  mastirdea  sur  un  appareil  svec  das 
pales  an  bon  dtat  at  na  tenait  pas  conpte  da  la  degradation  due  k  l'droalon. 

Cast  cet  incident  qui  a  ootivd  la  miss  au  point  d'ur.  lndicataur  da  contraintas  an  vol,  instrument 
aujourd'hui  utiliad  par  de  nembreux  cons true taurs,  II  paraet  de  signaler  las  ddgradatlons  drentuellas  at 
i-  ’iqua  la  VHE  affective.  Toute  una  sdria  da  travaux  ont  par  aillaura  portd  sur  la  protection  des  boxda 
d'attaqua  das  pales,  travaux  qui  sa  poursuivant  encore  k  l'heura  actuelle.  U  principals  diffioultd  ast  d'of- 
frir  une  protection  efficace  k  la  fois  k  la  plule  et  au  sable  et  aucune  solution  na  sembla  donnar  jusqu'k 
prdsant  entikre  satisfaction. 

On  deux idea  example  destind  k  oattre  an  dvidence  les  aides  rue  comportent  les  mdthodas  actuallos 
da  determination  des  durdas  da  via  peut  Itre  trouvd  dans  1 'utilisation  de  setdrlaux  relativement  nouvaaux, 
comma  la  titans  dans  la  fabrication  da  pikees  de  trka  grande  dimension  travaillant  k  la  fatigue. 

L'dtablissement  de  "faotaurs  d'dr'uelle"  dans  les  matdriaux  classi'uaa  tals  cue  l'aoler  ou  las 
alliagas  ldgers  a  fait  I'objet  da  travaux  extrdmement  dtendua  et  constitua  une  des  bases  da  la  longue  expe¬ 
rience  quo  la  plupart  das  construoteurs  ont  aujourd'hui  acquise  et  gardant  d'aillauxs  trka  jalousemant  pour 
eux.  Aussi  ne  a'dtonnera-t-on  pas  da  na  voir  citer  iol  aucun  chiffra.  la  dispersion  des  caraotdrtstlqi.es  de 
tanua  an  fatigue  das  grosses  pikees  matriedes  an  titans  na  leur  a  pas  moins  rdser/d  da  trks  ddsagrdablea  sur¬ 
prises.  Ella  paut  an  effat  attaindre  das  valeurs  que  les  dissections  et  essais  prdalables  dtalent  loin  d'in- 
diquar.  On  ast  conduit,  an  attendant  qua  las  essais  da  fatigue  sur  grandes  pikoas  an  titans  s'acoumulent,  ou 
bien  k  dimensionner  trop  largement  das  dldmants  qui  ddjk  n'ont  pas  in  poids  ndgligeable,  ou  bian  k  adopter 
das  facteurs  d'dchalle  "raisonnublas",  rspoaant  sur  un  noabre  d'assais  trka  limit!.  Parsonna  ns  peut  affiraar 
aujourd'hui  que  la  risque  qu'on  accepts  a  Inal  de  eourlr  ast  homogkne  a  vac  le  niveau  de  adcurttd  offart  par 
das  techniques  plus  dprouvda*. 

Citcns  enfin  oa  qua  tout  la  mends  as  plait  k  nomas r  les  eas  d'aspkca  t  coupe  d'outil  malhauraux  ou 
ddfaut  mdtallurgique  dchappant  k  plusieura  contrfilas  suocasalfs.  Chaoun  a  k  l'esprit  au  moins  un  oas  de  rupture 
an  vol  da  cette  nature,  qua  las  mdthodas  de  oalcul  ne  sont  pas  sensdas  couvrtr. 

Nous  pansons  qua  dans  oas  conditions,  partout  ok  alls  ast  rdaliaable,  la  notion  da  eametkxe  fail¬ 
safe  doit  coapldter  calls  da  rdsistanoe  k  la  fatigue. 

Cette  ldda  a  ddjk  donnd  lieu,  dans  le  doaalne  da  la  fabrication  das  pales,  k  quelquas  applications. 
Cltons  l'utillaation  du  3IM  ou  do  tout  autre  systkme  raposant  sur  la  detection  d'une  fuita  da  gas,  le  dessln 
de  certaines  attaches  da  pales,  comportent  una  disposition  Judioleuse  da  boulons,  et  tent  d'autres  pikoas  dont 
la  caractkra  fail-safe  na  s'eat  rdvdld  que  forful tenant,  k  In  suite  d'nn  incident. 

Mels  le  progrka  la  plus  ranarquebla  nous  paralt  rdaldar  darts  2  'utilisation  daa  fibres  k  haut  no¬ 
dule  d'dlaetloltd  (varra,  carbons,  bora).  Nous  soaeas,  pour  notra  part  oocvalneus  qua  las  avantsgss  du  point 
dt  vue  da  la  adcurttd  sont  tals  qu'un  effort  dolt  Itre  fait  pour  gdndrsllser  cette  teohnologia  k  un  grand  noa¬ 
bre  de  pikees  mdcenlquas.  Notre  conviction  est  fondde  sur  un  certain  nonbrm  d'd.udes  et  de  rdallaatlons  poiv 
tent  aur  les  pales,  les  moyeux,  les  t ran  amissions, 

Sur  les  pelts  nous  dirons  peu,  si  cs  n'sst  qut  les  travaux  rdallsds  dans  le  cadre  du  ddveloppement 
de  l'appareil  SA  341  ont  ddmontrd  cue  les  problkmes  posds  par  le  comporteaent  dynamique  et  le  rdglage  de  ce 
type  de  pales  pouvaient  Itre  rdsolus  de  faqon  satisfeiaante.  La  aeule  question  qui  restart  sn  auspana  dtait 
le  variation  dans  le  temps  das  caTactdristiouee  dts  fib.-ee.  Avee  le  recul  de  cea  troie  deraikres  anndes,  11 
seable  acquis  qua  cette  variation  relative  ne  ddpasae  en  aucun  cas  3  k  4  £  et  na  devreit  pea  donner  lieu  k 
inouidtuda. 


Hais  le  caractkre  fail-aafe  de  cee  pales  ne  fait  que  reporter  le  problkae  de  1%  rupture  dventuelle 
plus  en  amont,  aur  leur  atteohe  au  moyeu,  sur  le  moyeu  lul  idea,  aur  le  chains  de  commands,  autant  d'dldmenta 
k  caractkre  auasl  vital  oue  les  pales. 

C'est  k  ce  stade  qu'il  n'aat  peut  dtre  pea  inutile  de  revenir  sur  lea  prlncipec  de  la  concaption 
fail-aafe  pour  voir  comment  elle  peut  a'appliquer  aux  pikees  pour  hdlicoptkres. 

D'abord  on  peut  noter  que  fall-safe  u'est  pas  forcamant  synonyms  de  redondanoe,  encore  moins  d'une 
redondance  externa  telle  que  la  duplication.  Tout  pouaee  k  peneer  d'aiileura  qua  aettre  en  parallkle  2  dldmants 
identlques  n'offre  jamais  le  sdcuritd  donnde  par  le  simple  calcul  de  fisbilltd.  11  n'aat  pea  rare  en  effet  de 
constater  la  ddfaiUance  almultande  de  2  dldmente  lnddpwdants  et  tiquee  eu  parallkle.  Le  panne  ddpend  plus 
de  la  nature  des  conditions  de  fonctlonneaent  critiques  {vibrations,  chaleur,  chut-v  da  tension  ate...)  que  du 
nombre  de  ayetkmes  mis  en  parallkle.  U  solution  soable  Itre  du  clt!  de  la  superposition  an  parallkle  d' did¬ 
st  nt  a  de  conceptions  diffdrentes,  avao  daa  conditions  da  fonctionneeant  critiques  different**  t 

Le  caractkra  fail-aafa  paut  Itre  ddfini  de  la  fa;on  suivante  i 

Une  pikes  prdsente  un  caractkre  fail-aafe  ai  la  proziaitd  d'un  rupture  eat  toujoura  detectable  un 
certain  teapa  avant  1'iasue  oataatrophique.  Ce  ddlai  d'antlclpation  doit  pemettre  le  pour  suite  de  la  mission, 
st  dventualleaant  la  possibllltd  d'en  entreprendre  d'autres  avant  reparation. 

L' alarm*  paut  as  rdduire  k  un  aspect  extdrieur  anormal,  repdrable  aiedmant  lore  daa  viaitaa  event 
vol,  k  un  niveau  vibratoir*  d*  la  aachin*  inhabltuel  mala  ne  mettant  pa*  en  danger  l'dquipege,  oa  prendre  le 
forme  d'une  alarme  visuelle  ou  auditive. 
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Las  pikes  a  en  fibres  ml  sea  au  point,  rdalisdes  et  essaydss  par  Is  construe  teur  frsnqais  d'hdliooptkrss 
l'Adrospatiale  ont  prdsentd  en  fatigue  1#  comporteaent  suivant  t 

-  Resistance  en  fatigue  eonduiaant  k  une  durde  da  vie  thdorique  Infinis. 

-  Une  ddlamination  en  surface  das  fibrea  et  une  coloration  inhabituelle  de  la  tons  ddtdriorde  aont 
las  praaiere  synptfinea  de  1 'affaibliasement  de  la  pikee.  Leur  apparition  prdekde  de  l'dqui valent  de  pluslaura 
disaines  d'beures  la  rupture  veritable  de  la  pikee. 

-  Variation  des  caraetdristiques  > ynaainues  de  la  pikee  t  frequences  prop-ee  et  amort isseasnt  struc¬ 
tural.  “ 

Ces  caractkres  ont  dt d  jugds  comma  pleinement  suffisants  pour  constltuer  le  caractkre  fail-safe  re- 

cherchd. 

L' example  d'application  le  plus  intdrescant,  et  sur  lecuel  nous  allons  donner  quelqusa  dd tails,  nous 
seeble  4tre  le  moyeu  d'hdlicoptkres  serai-rigide,  reallsd  en  fibres  de  verre,  et  destind  k  suppriner  les  arti¬ 
culations  de  battement  et  de  tratnde.  la  tenue  en  fatigue  et  les  grande*  ddflections  permisea  par  ce  matdriau 
le  prddestinent,  nous  semble-t-il,  k  un  tel  emploi. 

En  effet,  sans  rentier  dans  le  ddtail  des  problkmes  lids  k  un  rotor  semi-rigid*,  on  peut  schdmati- 
queaent  dire  qua  dans  le  cas  ou  une  certaine  souplesse  du  premier  mode  est  souhaitde  ou  inevitable,  11  y  a 
irtdrdt  \  la  concentrer  le  plus  possible  dans  le  moyeu,  en  amont  de  1 'articulation  d'incidence.  Cecl  pour  dviter 
tous  les  couplages  par  les  ddformdes  statioues  de  battement  ou  de  tratnde. 

La  figure  n°  4  reprdsente  un  tel  moyeu,  rdblisd  en  fibres  de  verre.  da  slmpllcitd  rejoint  cells  d'un 
moyeu  comma  celui  du  LYNX. 

Ce  moyeu  comports  essentielleaent  i 

-  Un  structure  centrals  en  dtoile  (le  corps  de  moyeu)  rdalisde  en  matdriau  composite  fibres  de  verre 
rdalne  et  dont  les  trois  branches  constituent  les  dldments  souples  en  battement  et  tratnde,  dimensionnds  de 
faqon  conv«nable  pour  assurer  la  souplesse  et  la  rdslstance  requiaes. 

-  Des  articulations  de  pas  fizdes  k  l'eztrdmltd  des  bras  souples,  constitutes  par  des  pelitra  <>t  des 
faisceaux  torsibles  de  retenue  d' effort  centrifuge. 

-  Des  amortlsseurs  de  tratnde  k  faible  course.  Leur  presence  qui  peut  parattre  dtonnante  nous  semble 
justifide  tant  qua  des  amortlsseurs  structuraux  suffisants  n'suront  pas  did  obtenus  sur  oe  type  de  rdalisatlono. 
C'est  probablement  un  point  sur  lequel  tout  progrks  futur  sera  trks  pay  ant. 

L' utilisation  de  fibres  k  haut  module  d'dlastlcltd  dans  des  pikees  telles  que  les  transmissions 
arrlkres,  les  moyeux  de  rotors  arrikre  donne  lieu  dgalemsnt  k  de  trks  iaportants  travaux,  les  avantages  rechsiw 
chds  dtant,  k  cOtd  de  la  tenue  exoellente  en  fatigue  et  du  caractkre  fail-safe,  la  diminution  de  polds,  la  al*. 
plicitd,  l'absence  de  maintenance. 

Kais  cos  efforts  consentis  pour  augmenter  les  oarmotdrittinues  de  tenue  en  fatigue  des  pikees  d'bdl'- 
coptkres  et  compldter  la  notion  de  durde  de  vie  stirs  par  celle  de  caractkre  fail-aa**  ne  sont  qu'une  partlu 
d'une  preoccupation  plus  gdndrale  qui  est  1 'augmentation  des  durdes  d'utili.ution  des  ensembles  mdcanloues. 

Ceux-ci  comportent  un  certain  nombre  d'ensembles  de  transmission,  de  renvois  et  de  rddocteurs  auxquels  il  con- 
vient  d'accorder  une  attention  toute  spdciale. 


-  QUALIFICATION  DES  ENSEMBLES  DE  TRANSMISSION  - 
-  ATTRIBUTION  DE  LEUR  POTENTIEL  INITIAL  D1 UTILISATION  - 

C'est  cu'un  certain  nombre  de  contraintes  nouvelles  sont  venues  sensiblement  bcusculer  les  habitudes 
prises  dans  ce  domains.  Ce  sont  principalement  : 

-  Les  spectres  de  vol  trks  sdvkres  caractdristloues  du  vol  tactlqus  k  proximltd  du  sol,  et  dont  les 
rdpercussions  sur  les  mdcanioues  arrikres  sont  eonsiddrables.  Les  ddplaceaents  tactiquss  comprennent  aujouxd'hul 
un  nombre  de  manoeuvres  en  lacet  dlevd,  cui  peut  s'avdrer  comme  l'dldoent  ddterminant  dans  le  dlasnsionnsmsnt 
des  dldments  arrikres. 

-  La  necessltd  de  ddmontrer  des  durdes  de  vie  lnfinies  pour  les  pignons  de  la  bolts  de  transmission 
principals,  et  une  durde  de  vie  supdrieure,  k  disons  10  000  heures  pour  les  pignons  de  la  transmission  arrikre. 
Ces  demiers  sont  en  effet  amends  k  travai.Uar  sous  des  efforts  qui  endoamsgeront  foredment  ns  serai t-ce  que  de 
faqon  temporaire,  et  garantlr  une  durde  de  vie  thdorlquement  infinie  reviendrait  k  en  falre  dea  oonatrea. 

-  Ia  tendance  k  offrir  aux  utilisateurs,  dans  une  sachine  qui  se  veut  rduasie,  dea  potentlela  ini- 
tlaux  entre  revisions  lea  plus  grands  possibles.  1  000  heures  dtant  conaiddrdea  comme  aouhaitablea,  et  2  000 
heurea  aatisfaiaantes. 

-  Enfin  le  cadre  de  coopdration  Internationale  dana  lequel  la  plupart  de  nos  machines  sont  rdallsdes 
et  le  3eront  probablement  k  l'avenir.  II  faut  envisager  qu'une  belts  de  tranmsissioo  soit  dsa^inde  par  un  bureau 
d'dtude  franqais,  mise  en  gamme  par  un  bureau  spdcialisd  Italian  et  fabriqude  en  Orande-Bre tagns.  On  comprendra 
qu'en  dehora  des  diffioultds  de  lsngage,  des  problkmes  puissant  surgir  ds  est  dclatsmeat.  I',  set  essentiel  ds 
verifier  la  qualitd  d'une  fabrication  sur  une  base  acceptde  par  tous  les  coopdrants.  Sina.,  on  ne  pourre  dviter 
cue  l'un  matte  sur  le  compte  des  caractdristlques  du  matdriau  ce  qua  le  deuxlkae  impute  i.  Is  largesse  des  told- 
rances  et  le  troisikme  au  dimen3ionnement  mime  des  pikees. 

Devant  ces  nouvelles  exigences,  force  nous  sst  de  constater  qua  les  proedd-'e  actuals  de  Qualification 
et  de  justification  des  potentiels  initiaux  entre  rdviaions  s'avkrent  caduques. 

Ceux-ci  reposent  sur  3  points  t 

-  Justification  en  fatigue  par  le  calcul. 

-  cssain  d'eniurance  "u  sol  et  en  vol. 

-  Essaia  d'ts  de  "aurpuissance". 
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-  La  tenua  an  fatigue  dea  pignans  eat  juatifide  par  le  calcul,  One  entorae  importante  eat  dependant 
faite  k  la  rkgle  sacro-sainte  du  tiera  { 1 /3 )*.  On  ae  content#  an  effet  de  ddmontrer  que  lea  contraintea  calcu— 
Ides  sont  infdrleurea  k  un  niveau  considdrd  c crane  admissible  par  lea  rkgle s  de  l'art,  niveau  qui  ae  situs  plutfit 
k  la  moitid  (l/2)  de  la  limits  de  fatigue  Doyenne  du  pignon  qu'k  son  tiera.  Nous  avons  juaqu'k  present,  en  temps 
rue  Services  Officiels,  toldrd  oette  justification.  I' argument  essential  est  que  l'expdrlence  aecuaulde  par  le 
constructeur  l’Adrospatiale  dans  la  fabrication  des  engrenages  est  considerable  et  n'eat  jamais  venue  infirmer 
cette  methods,  du  aoins,  et  cette  remarque  est  importante,  tant  que  ce  constructeur  dtait  seul  en  cause.  Cat 
argument  deviant  beaucoup  plus  discutable  des  que  l'on  envisage  un  cadre  1:  travail  international. 

-  Le  comportenent  en  service  des  roulementa,  joints,  flectors,  palters  etc...  est  jugd  par  des  essais 
dits  d'endurance,  effectuda  pour  une  part  en  vol  et  pour  une  autre  part  au  bane  sous  les  charges  usuelles  ren- 
contrdes  en  service,  la  rkgle  est  simple.  Pour  justifier  par  example  500  heures  de  potential  initial  entre  rdvi- 
sions,  il  faut  avoir  rdalisd  sans  ddtdn  oration  des  pikcea  t 


t  1  ensemble 

t  (  1  ensemble 

(  +  1  ensemble 


1  000  heurea 

500  heurea 
500  heurea 


TOTAL .  2  000  heurea 

-  Cette  rkele  nous  semble  mdriter  la  critique  suivante  t  alia  conduit  k  dea  easels  longs  et  coflteux, 
dont  la  valeur  atatistirue  est  k  priori  discutable. 

-  Enfin  un  troisikme  essai  dit  de  "surpuiaaance",  ou  de  "qualification"  au  cours  duquel  on  applioue 
k  l'ensemble  pendant  environ  100  heuras  des  charges  plus  sdvkres  qua  celles  rencontrdea  en  vol  sana  exedder 
115  %  de  la  puissance  maximale  au  ddcollage.  Les  ddtdriorations  da  roulementa  sont  toldrdes.  Les  ruptures  de 
pignona  ne  le  sont  pas.  Iorsou'on  s'interroge  aur  la  signification  de  cat  essai,  on  constate  qu'il  en  a  une 
certain#  t  ddceler  ’  ne  erreur  groaaikre  de  conception  ou  de  fabrication,  faiaant  chuter  le  tenua  en  fatigue 
d'un  ensemble  d'au  noins  30  k  40  Loraque  les  roulementa  subiasent  cet  essai  sans  dotmage,  ce  qui  n'est  pas 
exigd,  il  conatitu-  de  plus  une  bonne  prdsomption  aur  la  rdussite  de  la  botte.  Sans  pouvoir  en  conclure  plus. 

-  Devant  los  critiques  dont  cette  faqon  de  proodder  peut  fair#  l'objet,  et  dev ant  les  exigences 
nouvellea  que  nous  avons  souligndes  plus  haut,  nous  aurlona  tendance  k  ddfendre  aujourd'hui  la  proposition  sui¬ 
vante,  qui  nous  semble  plus  reisonneble  i 


On  revlent  k  la  rkgle  traditionnelle  qui  autorise  la  justification  par  le  calcul  quand  les  contrain¬ 
tea  calculdea  sont  infdrieures  au  tiers  da  la  contralnte  limits  eoyanne.  Dens  les  autres  cas,  la  juatification 
en  fatigue  du  couple  de  pignona  incrimind  dolt  fair*  l'objet  d'un  essai  sur  banc  de  fatigue  dit  "universal" 

(fig.  n°  5).  Car  il  ne  reprend  de  l'enaenble  couplet  f.u»  le  couple  en  question,  avec  sea  roulementa  originaux 
ou  dea  roulementa  renforeda.  Le  but  de  l'easai  eat  de  provoquer  1j  rupture  an  un  nombre  de  cycles  voisin  de 
10°  en  appliouant  les  charges  correspondantes.  Lea  rdsultats  de  1 'essai  permettent  ensuit£.  par  les  sdthodes 
de  calcul  habituelles,  de  ramonter  aux  charges  admisslbles  avec  ur.  risque  aceeptable  (10~  ). 

Ddcrivons  k  titre  d'exeapla  l'easai  d'un  jeu  de  3  pignona  i 

Deux  jeux  d#  pignona  sont  en  fait  essayea  simultandw>nt  dana  deux  boltes  A  et  B,  lea  2  pignona  3 
qui  engrknent  avec  les  pignona  libres  2  sont  solidaires  d’un  mdme  arbre  tandia  cue  le  pignon  l/A  eat  montd  sur 
u.1  noyau  po.vant  Itre  imaobilisd  en  rotation. 

La  mdme  pignon  l/B  eat  aolidaire  d’un  arbre  libre  en  rotation  traveraant  da  part  en  part  le  pignon 

1/A. 

11  eat  slora  possible  d'lntrodulre  dans  la  chains  alnsi  constitute  un  couple  statique  de  torsion 
en  fai3ant  pivoter  le  pignon  et  en  mairtenant  fixe  1 'autre  ertrdmite  de  la  chains  soit  le  noyau  portent  le 
pignor.  l/A. 

Les  mises  en  charge  sont  effectudes  au  moyen  de  2  brea  de  levlera,  l'un  equipd  d'une  contrefiche 
fixds  rigidement  aur  le  biti,  l'autre  d'un  vdrin  permettant  la  rotation  du  pignon  l/B. 

Le  couple  introduit  dana  Is  chains  est  maintenu  par  uno  cals  bloqude  entre  lea  deux  bras  de  levier. 
La  contrefiche  et  le  vdrin  peuvent  ensuite  ltr«  ddaolldarisds. 

La  chains  est  alors  libre  en  rotation. 

L'un  des  deux  bras  da  lsviera  est  accoupld  k  un  excentrique  rdgld  de  telle  faqon  que  I'engrknement 
sur  Ins  pignona  2  s'effectue  sur  un  slnimum  de  5  dents  ce  qui  correspond  au  ddgagemant  total  au  aoins  da  2 
dents  dquipdes  de  postee  de  jauges  axtenaomdtriqueoet  k  une  rotation  du  pignon  de  +  12°. 

-  Eaaals  d'endurance  i 

Cans  la  mesure  ok  les  ensembles  mdcanlquas  ddpendent,  du  point  de  vue  de  leur  endurance,  de  la  tunue 
dea  dlbments  les  plus  fragiles  t  les  roulementa,  il  eot  possible  d'dtiblir  une  relation  entre  la  durde  de  vie 
k  fiabilitd  donnde  de  csux-cl  et  le  niveau  des  charges  eppliqud  pendant  l'easai.  La  foxme  de  cette  relation  peut 
Itre  discutde  male  la  plupart  des  spdoialistes  a'aocordsnt  pour  proportionner  la  durde  de  vie  au  cube  de  la 
charge  dynamique  eppliqude. 

On  peut  dans  cea  condltiona  racourcir  aenaiblement  la  durde  dea  easaia  d' endurance  en  appliquant 
un  taux  de  surcharge  convenable.  Ceci  devrait  conduire  k  dec  "amps  de  rd action  plua  ccwrta  dana  le  caa  oil  une 
modification  a'avkre  necessaire,  aaia  aurtout  permettra  l'easai  d'un  plua  grand  nombre  d'enaembles  et  retablir 
la  valeur  atatistique  de  la  justification. 

•  Une  contrainte  infdrieure  au  tiers  de  la  limits  de  fatigue  coyenne  de  la  pikee  est  jugde  coome  apportant  un 
endommagement  nul. 
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L'aocdldration  imprint*  k  l'eaaai  depend  du  taux  de  surcharge  jugd  comm  acceptable  et  qul  m  situ* 
tux  environs  dt  115  %  d#  It  puissance  aaxiaale  tu  ddcolltge. 

iu  delk  de  ot  seuil,  It  eonforaitd  dee  ddfornations  ne  peut  plus  Itrt  assurde,  ce  qul  enlkveralt 
une  ptrtlt  dt  tt  valeur  k  l'easai. 

Las  ensembles  ndcaniquea  qul  dquipent  let  hdlieoptkres  actutlt  ptuvtnt  prdtendre,  s'ils  eont  rdussis, 
adriter  use  attribution  initials  dt  potential  entre  rdvisions  supdrieure  ou  dgale  k  1  000  heurea,  Cta  progrka 
toot  due  non  sauleotnt  tu  to In  portd  sur  It  fiabilitd  globale  dka  It  atadt  dt  It  oonctpticn  mala  auasi  k  l'eaploi 
dt  plua  tn  plua  gd&d railed  dt  soy* ns  dt  contrfile  tela  qua  t  bouebon  nagndtique  Mini  d'unt  alarat  eabint  perma¬ 
nent*,  analyte  speotrosdtriqiw  dta  bullet  par  prdlkveaenta,  analyat  dea  brulta cfongronages,  etc...  Cta  aoyena 
da  contrdla  aasurant  la  earaetkrt  "fail-safe"  dta  boltes  dt  transmission,  au  etna  ou  noua  l'en tendons.  Encore 
convient-il  da  la  verifier  au  cours  d'un  easai.  L'easai  d'enduranoe  accdldrd  en  surcharge  noua  seaule  tout 
lndiqud  pour  taaurer  ot  rflle. 

-  Qutnd  k  l'essai  dit  dt  "qualification''  nous  serious  tout  disposes  dans  cetta  nouvtllt  optiqua... 
k  la  suppriaer.  Cartaina  panseront  k  l'appliquar  pour  Justifier  l'dqui valence  da  quail td  antra  plualeura  four- 
nl assure .  Mala  noua  avona  aasea  dit  qu'll  eat  seulenent  capable  da  fairs  apparaftre  loraqu'ellaa  existent  lea 
divergences  da  quail td  da  grease  aaplltuda.  La  rests  paasera  lnaperqu. 


-  COMP ARAI SOW  AVEC  LE3  IEMARCHES  HER1CAIME3  ET  BRITAHKI00S3  - 

Juatlfioatlona  aadrloainea. 

Noua  penaoua  aavolr  qua  la  plupart  daa  constructaura  andrloaina  jugent  qua  la  justification  an 
fatigue  daa  plgnona  par  la  calcul  eat  aufflaantu.  Noua  lgnorona  laa  serges  de  sdouritd  prists  nais  en  tout 
dtat  da  causa,  l'hooogdndltd  da  leur  fabrication  pout  expliqutr  une  tails  approcha.  Cetta  honogdnditd  risque 
da  na  pas  sa  retro uvar  dans  das  programmes  con qua  k  l'dchalla  europdenne  at  falaant  aioultandnsnt  appal  k  la 
technologie  ddvaloppds  dans  plasiaura  pays. 

Par  oentre  laur  philoaophlt  an  ea  qui  concama  laa  esaaia  d 'endurance  eat  tout  k  fait  semblable 
k  la  nStre,  du  aoina  an  ca  qui  concama  laa  tendances  d'avenir. 


Juatlfioatlona  britannlauea0 

laa  constructaura  brltanniques  panaant  qu'il  fau-„  appliquer  aux  bottaa  da  transmission,  const ddrdas 
coats  un  tout,  laa  state  rkglaa,  an  ca  qui  concama  la  justification  da  laur  tenue  an  fatigue,  nut  pour  toutaa 
las  autraa  plkcaa  adoaniquea. 

Caei  conduit  k  daa  aasaia  an  surcharge  extrdaeaent  advkrea,  un  faoteur  aultiplicatif  d* environ  1,7 
dtant  sppllqud  aux  ohargea  da  vol  meaurdes  pendot  una  cen tains  d’heurea,  ou  plua  exacteaent  l'douivalent  da 
5  x  10°  cycles  sur  la  pignon  la  plus  lent.  (On  paut,  k  tltra  da  coaparalson,  indiquar  qu'un  easai  d'enduranoe 
affactud  a vac  un  faoteur  d'accdldratlon  da  4,  eoosiddrd  coast  un  aaxlaua,  (100  heurea  au  btno  -  400  heuren  an 
vol)  signifiarait  qu'on  applique  un  factaur  ■ultiplleatlf  sur  laa  ebargaa  de  vol  da  1,6.  Cala  situs  la  rigueur 
da  l'easai  da  fatigue  anglais.  U  question  qu'il  pose  eat  bien  aflr  calls  da  sa  eonforaitd.  II  eat  probable 
qu'un  ensenble  travaillant  dans  oaa  conditions  extrfaes  paut  donnar  lieu  k  daa  ruptures  dont  l’orlgina  pour- 
rait  gtra  iaputda  k  la  ddforaation  atatiqua  d'un  carter  ou  au  aauvala  rdglaga  d'una  portde  da  denture.  Auasi 
doit-il  probablenent  fairs  l'objat  da  rdglagaa  ou  do  rigidlfloationa  apdoiaux,  interventions  dont  la  nature 
pour  re  toujours  paraftre  suspeota. 

Si  las  britanniquea  ont  laur  conception  propra  relative  k  la  tenue  en  fatigue  das  plgnona,  ila 
sont  plus  proelea  da  noua  en  oa  qui  concama  leur  coa  porta  sent  an  enduranoe.  Ila  na  aanblant  pas  ce  pendant 
dlsposds  k  utiliaer  la  posaibllitd  d'acodldrer  lours  esaaia  par  daa  taux  da  surobarga  approprlda. 


Notro  tour  d' bo  risen  aerait  inconplet  si  nous  na  nritionnlons  pas  brikvement  laa  problkaaa  apdeifi- 
quea  aux  ensembles  da  trananlasion  arrikre. 

La  diaanaionnaaent  at  laa  aasais  qui  laur  sont  ralatlfa  davraiant,  k  notre  sens,  tanir  conpta  daa 
2  exigences  eulvantee  • 

-  U  caa  da  vol  permanent  la  plus  endoanageant,  qul  eat  la  plupart  du  temps  la  vol  statiannaire  au 
niveau  da  la  wr  avao  vent  latdral,  doit  conditionnar  la  diaanaionnaaent  du  point  da  vua  da  la  tenue  an  fati¬ 
gue  daa  plkcaa. 

-  Laa  manoeuvres  da  lacet,  loraqu'ellaa  sont  rdaliaables  par  la  pilots  sans  restriction  artificlella 
sur  leur  brutalitd  d'applieation  ou  sur  la  course  aaxiaala  das  palonnisrs  pauvent  proroquar  la  rupture  an  fati¬ 
gue  taaporsirs,  o'ast  k  dire  k  faible  noabre  da  eyolaa,  d'un  dldaant  da  la  tranwiaclon.  II  eat  ndeessaire  dans 
ca  cas  da  vdrlfier  au  sol  qu'un  noabrs  da  manoeuvres  bien  aupdrlaur  (5  k  10  foia)  k  celui  pouvant  Itie  rdallsd 
an  vol  pendant  la  durde  d’utiliaation  da  l'appareil,  na  provoqua  paa  la  rupture  d'un  dldaant  da  la  ehatne. 

-  COHCLOSIOg  - 

Dana  la  poreaikro  partis  da  oat  expoed  noua  avona  aaaayd  da  aontrar  qu'una  pikes  adoaniqua  rdputda 
sflre  an  fatigue  n'aat  paa  k  l'abri  d'una  rupture  on  vol  at  qua  aa  conception  paut  Itre  oonaiddrablaaant  aad- 
liorda  sur  oo  plan,  on  parti culitr  par  l'utiliaatioa  de  aatdriaux  k  baut  aodula  d’dlaatioitd.  Noua  avona  il- 
luatrd  cetta  posaibllitd  par  la  daacription  d'un  aoyeu  aaai-rigida  an  fibres  da  Terra. 

Dans  une  deuxikae  partis,  nous  avona  soullgnd  lea  insuffiaancas  daa  adtbodas  actuallas  da  qualifi¬ 
cation  dea  enaaables  da  transmission  adoaniqua.  loua  avona  pro  peed  una  ddaaroba  plua  aoucieuse  da  s' adapter  aux 
exigencaa  pertioulikrea  da  la  fabrloation  lorsque  celle-ol  prend  l'dchalla  europdenae.  EUe  noua  permit  da  plua, 
aiaux  pouvoir  e'adaptar  k  un  oaraetkra  essential  de  la  rdusslte  d'un  appareil  t  la  juatification  d'un  potential 
Initial  antra  rdviaiona  ddpaaaant  la  cap  das  1  000  beures. 

Rappelont  pour  conolure  quo  caa  rdflaxions  na  prdtandaiant  qu'abordar  las  problkaaa  dvoquda  plua 
haut.  Si  noua  scenes  parvenus  k  vous  fairs  santir  qua  la  plua  grosse  partis  da  travail  restait  encore  k  accoa- 
pllr,  noua  aurona  attaint  le  principal  objat  da  cat  axposd. 


;; 

■j 
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—  TABLEAU  R«  1  — 


REPARTITION  ICS  CAUSES  D'ACCIOBTS  NORTHS  SUB  HELICOfTERES 
ALOUETTE  (A  fin  1969) 


Cablae  non  ballads  at  Ugne  ..  w 

A  haute  tanaion  i  4  * 

Conditions  aAtdoroloflquas  t  22,6  £ 

Ron  raspaot  das  conaignaa  da  ,c  e  * 

pilotage  t  16,5  * 

Ron  raapaet  daa  oonal^eoa  * 

d'ent ration  i  ”*4  * 


Colliaioc  on  rol  t  6,3  % 
"Mi  a  aloe  da  aurvaillanea*  t  6,3  % 
PereooMl  traneportd  t  5,1  % 
Ddfaillaaoe  da  la  turbina  i  5,1  % 
Inoidaat  adcanlqua  ou  atructural  t  2,5  % 


§ 


SOULON  a  CEIL. 


(H/U.X) 


4-9 


ConfrrefTche 


EquTpemenf 

exten->oinetnque. 


5-1 

GREATER  SAFETY,  MAINTAINABILITY,  AND  RELIABILITY 
THROUGH  IMPROVED  HELICOPTER  FLIGHT  TESTING 

by 

Gerald  E.  Sweeker 
Lieutenant  Colonel,  Commanding 
US  Army  Aviation  System  Test  Activity 
Edwards  Air  Force  Base,  California  93523 


SUMMARY 

This  paper  presents  significant  data  obtained  from  flight  test  programs  recently  and  presently  being  conducted  by  the 
US  Army  Aviation  Systems  Test  Activity  (USAASTA)  at  Edwards  Air  Force  Base,  California.  Greater  safety,  maintainability,  and 
reliability  are  being  assured  through  constantly  improved  flight  testing  techniques  and  the  use  of  state-of-the-art  instrumentation, 
data  acquisition,  and  data  reduction  equipment.  More  stringent  helicopter  performance  criteria  are  placing  greater  demands  on  the 
test  agencies  to  devise  new  methods  and  procedures  for  collecting  and  analyzing  data. 

Included  are  such  programs  as  the  AH-1G  (Cobra)  helicopter  and  a  simplified  approach  to  finding  height  loss  during 
dive  recovery  from  throttle  chops;  recommendation  of  limiting  AH-1G  tail  rotor  control;  OH-6A  "g"  loads  experienced  at  high 
frequencies  during  weapons  firing;  recommended  pilot  cues  to  define  a  safe  AH-1G  envelope  following  engine  failure;  investigation 
of  large  sideslip  and  pitch  excursions  following  throttle  chops  in  the  TH-55  helicopter;  identification  of  requirements  for  AH-1G 
instrument-fiight-rule  (1FR)  evaluation;  results  from  OH-58  and  AH-1G  helicopter  height-velocity  (H-V)  (autorotational)  testing  with 
discussion  of  application  to  operational  use;  and  AH-1G  maneuvering  limits  from  retum-to-target  profiles. 

Tests  conducted  with  the  AH-1G  helicopter  determined  time  retum-to-target  time,  height  lost  during  pullout  from  a  dive, 
and  other  maneuvering  characteristics.  The  concept  of  energy  maneuverability  has  been  established,  and  significant  data  have  been 
added  to  the  literature.  Test  data  have  been  obtained  from  the  OH-58  instrument  panel  vibrations  in  the  frequency  range  between 
50  and  2,000  Hertz  (Hz).  During  normal  flight  and  while  we,. pons  are  fired,  significant  "g"  loads  have  been  observed  at  high 
frequency,  which  may  contribute  to  aircraft  instrument  fatigue  and  human  hearing  loss.  These  test  results  have  indicated  the  need 
for  sophisticated  instrumentation  to  obtain  high-frequency  data. 

INTRODUCTION 

Today,  greater  emphases  are  being  placed  on  research,  development,  testing,  and  ultimately  on  the  production  cycles 
of  combat  hardware  to  obtain  the  most  "bang  per  buck." 

As  it  develops  within  the  state-of-the-art,  USAASTA  must  seek  constant  improvements  in  flight  testing  techniques  and 
must  explore  areas  heretofore  touched  only  too  lightly  by  the  flight  test  community,  especially  in  the  developmental  testing  of 
helicopters  and  light  conventional  aircraft.  These  considerations  become  even  more  significant  as  we  move  into  the  advanced  V/STOL 
category  which  includes  the  AH-56  (Cheyenne)  helicopter  as  well  as  other  advanced  aircraft  design  concepts. 

THE  US  ARMY  AVIATION  SYSTEMS  TEST  ACTIVITY 

Mission 

The  official  USAASTA  mission  is  "to  plan  and  conduct  engineering  flight  tests  of  air  vehicles  developed  and/or  procured 
as  integrated  systems,  and  those  proposed  or  considered  for  Army  application  or  incorporating  advanced  concepts  having  potential 
military  application;  produce  test  data  on  basic  air  vehicle  performance,  handling  qualities  system/subsystem  interface  and  integrated 
system  performance,  maintainability  and  reliability." 

History 

As  originally  identified,  the  US  Army  Aviation  Test  Office  was  established  on  2  May  1960  at  Edwards  Air  Force  Base, 
California.  The  late  Lieutenant  General  William  B.  Bunker,  then  Commander  of  the  Transportation  Materiel  Command,  St.  Louis, 
Missouri,  has  been  recognized  for  his  vital  role  in  establishing  the  Test  Activity.  Its  creation  marked  a  significant  step  forward 
in  the  Army's  aviation  growth  and  movement  toward  eventual  control  of  aviation  materiel  procurements. 

The  US  Army  Aviation  Systems  Test  Activity  has  expanded  from  a  handful  of  personnel  performing  liaison  and  monitoring 
of  Air  Force  flight  tests  on  Army  aircraft  to  an  organization  with  193  military  and  civilian  personnel  with  the  full  capability 
of  performing  engineering  flight  tests  and  publishing  the  test  results.  During  the  interim,  progress  has  been  marked  by  organization 
restructunng,  personnel  increases,  and  name  changes  from  which  the  organization  has  evolved  into  USAASTA  as  it  is  today.  Currently, 
USAASTA  is  directed  in  the  accomplishment  of  its  mission  by  the  US  Army  Aviation  Systems  Command  (AVSCOM),  St.  Louis, 
Missouri. 

Organization 

The  US  Army  Aviation  Systems  Test  Activity  is  currently  engaged  in  the  engineering  flight  test  of  all  aircraft  introduced 
into  the  US  Army  inventory.  The  organization  has  been  structured  to  permit  relatively  independent  operation  as  a  tenant  activity 
on  Edwards  Air  Force  Base,  California.  A  manning  level  of  193  military  and  civilian  personnel  is  now  required  to  manage  an 
average  workload  of  40  to  45  flight  test  projects.  These  test  projects  are  conducted  by  the  use  of  the  team  concept  which  includes 
a  Project  Officer  who  operates  across  organizational  lines  to  obtain  support  through  coordination  with  USAASTA  subelements 
and  outside  agencies  as  required.  The  team  specialists  are  the  test  pilots,  engineers,  data  technicians,  instrumentation  technicians, 
support  pilots,  aircraft  mechanics,  and  assorted  administralive/iogistical  personnel. 

Project  test  teams  are  "tailored"  to  meet  work  requirements  and  will  vary  in  composition  throughout  the  various  phases 
from  project  start  to  completion.  Test  projects  range  through  the  classical  phases  of  planning,  instrumentation,  flying,  data  reduction 
and  analysis,  report  writing,  and  publication  of  the  flight  test  report'  the  ultimate  mission  objective  of  documenting  flight  test 
results.  TT\e  USAASTA  reports  receive  varied  and  broad  distribution  which  includes  appropriate  government  ana  commercial  agencies. 
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The  US  Army  Aviation  Systems  Test  Activity  operates  from  136,000  square  feet  of  hangar  and  office  space  at  Edwards 
Air  Force  Base.  Annually,  the  mission  budget  has  been  allocated  between  $2.3  and  $2.5  million,  with  direct  test  project  expenditures 
reimbursable  through  airframe  program  managers  -  our  primary  customers. 

Additional  funds  (approximately  $2.0  million)  were  obtained  over  the  past  2  years  to  procure  an  advanced  instrumentation 
and  data  acquisition  system  (AIDAS)  which  provides  a  quantum  improvement  in  data  acquisition  and  reduction.  Currently,  the 
onboard  aircraft  fleet  consists  of  10  assigned  support  aircraft  and  12  attached  test  aircraft.  Types  and  models  represent  the  total 
US  Army  inventory  of  air  vehicles,  with  some  additional  nonstandard  types  such  as  the  T-28B  (Trojan),  the  C-47  (Gooney-Bird), 
and  the  F-51  (Mustang)  -  all  of  wnich  were  developed  during  the  1940's. 

RESULTS  OF  RECENT  USAASTA  FLIGHT  TEST  PROGRAMS 

General 


As  previously  mentioned,  USAASTA  has  constantly  searched  for  new  methods  and  test  techniques  from  which  test  data 
may  be  obtained  to  confirm  requirements  for  improved  safety,  maintainability,  and  reliability  in  aircraft  design.  Previously,  the 
criteria  for  safety  were  verified  by  airworthiness  and  qualification  test  programs  based  on  the  determination  of  structural  integrity 
of  the  airframe,  propulsion  system  reliability,  aircraft  performance,  and  handling  qualities  characteristics.  Recently,  however,  the 
criteria  have  been  verified  by  collecting  and  analyzing  data  to  substantiate  critical  hover  ceilings,  autorotational  capabilities,  maneuvering 
capabilities,  and  the  effects  of  vibration  on  aircraft  systems  and  components.  To  date,  USAASTA  has  explored  many  of  these  areas 
by  developing  test  techniques  that  produce  high-quality  data  and  has  also  successfully  analyzed  the  results. 

Hover  Capability 

Traditionally,  the  assessment  of  hover  capability  has  been  included  in  helicopter  performance  flight  tests  and  a  great 
deal  of  effort  is  spent  in  achieving  precise  steady-state  hover  test  conditions.  Today's  requirements,  which  include  elevated  density 
altitudes  and  assurance  that  adequate  control  margins  be  available  at  the  critical  hover  ceiling,  place  even  more  stringent  demands 
on  the  evaluator  to  develop  new  techniques  which  must  often  be  devised  to  test  for  new  criteria. 

As  an  example,  the  AH-1G  (Cobra)  was  found  to  have  inadequate  directional  control  at  high  referred  gross  weights  (W/o) 
during  early  Army  evaluations.  A  test  program  was  devised  to  measure  directional  control  requirements  in  translational  flight  at 
all  azimuths  and  at  a  variety  of  skid  heights  within  ground  effect  (reference  1).  The  results  ate  illustrated  in  figures  1  and  2. 
It  was  found  that  critical  combinations  of  skid  height  and  azimuth  could  be  established  which,  when  combined  with  a  criterion 
requiring  at  least  10-percent  remaining  directional  control,  would  define  maximum  hover  capability.  The  resulting  hover  ceilings, 
as  limited  by  installed  power  and  adequate  directional  control,  are  contrasted  in  figure  3. 

It  is  suspected  that  the  hover  flight  envelopes  of  other  helicopters  should  be  similarly  restricted  in  order  to  provide 
adequate  controllability.  The  US  Army  Aviation  Systems  Test  Activity  completed  tests  of  the  UH-1H  for  the  Air  Force  during 
August  1971  which  indicated  that  both  longitudinal  and  directional  control  requirements  may  limit  hovering  in  winds.  Analysis 
of  these  data  is  continuing,  and  a  report  will  be  published  in  early  1972. 

The  next  generation  of  Army  aircraft  (HLH,  UTTAS,  etc.)  will  have  even  more  stringent  hover  condition  specifications. 
Application  of  the  US  Army  Combat  Development  Command  criteria  (reference  2),  for  example,  will  require  new  test  methodology 
to  confirm  vertical  climb  capability  at  the  hover  design  point.  The  USAASTA  Project  No.  68-55  is  presently  underway  to  develop 
this  methodology. 

Height-Velocity 

One  of  the  most  difficult  and  dangerous  types  of  flight  testing  involves  the  determination  of  height-velocity  (H-V)  envelopes. 
These  profiles  define  safe  operating  regions  in  the  low-speed,  low-altitude  portions  of  the  aircraft's  flight  envelope.  The  US  Army 
Aviation  Systems  Test  Activity  has  actively  investigated  H-V  characteristics  since  1968,  and  has  developed  significant  new  approaches 
to  H-V  testing. 

A  flight  test  program  involving  the  UH-1C  helicopter  (reference  3)  was  conducted  in  attempts  to  predict,  in  advance, 
the  H-V  envelope  of  a  given  test  aircraft.  The  program  proposes  that  the  H-V  maneuver  be  considered  in  several  discrete  segments: 
throttle  chop,  pushover,  stabilized  autorotation,  flare,  and  touchdown.  Characteristics  of  each  of  these  portions  of  the  maneuver 
can  then  be  analyzed  and  tested  separately  -  away  from  the  ground  -  to  gain  insight  into  the  total  maneuver  performance. 

The  concept  of  H-V  testing  which  has  evolved  at  USAASTA  is  one  demanding  preflight  analysis,  rigorous  test  procedures, 
and  the  extension  of  test  results  which  are  considered  reasonable  for  use  by  the  operational  Army  aviator.  Existing  analyses  of 
H-V  performance  (references  3  and  4)  have  been  found  to  be  of  limited  accuracy  in  predicting  either  maximum  achievable  or 
operationally  recommended  H-V  envelopes.  Consequently,  an  extensive  analytical  effort  (USAASTA  Project  No.  68-25)  is  underway 
to  improve  prediction  capability. 

Two  recent  H-V  test  programs  have  examined  the  OH-58A  (reference  5)  and  AH-1G  (reference  6)  helicopters.  Several 
procedural  developments  from  these  programs  include  the  following: 

1.  Entry  condition  verification  and  control  via  ground-based  theodolite  operator. 

2.  A  trained  test  pilot  acting  as  ground  observer  to  augment  pilot  comments. 

3.  Video  recording  with  instant  playback  capability. 

4.  Observation  of  the  performance  of  the  standardization  instructor  pilot  (SIP)  in  order  to  define  probable  operational 
techniques. 

5.  Point-by-point  analysis  of  aircraft  energy  states,  handling  qualities  parameters,  and  test  results. 

During  the  OH-Si-A  (Kiowa)  H-V  test  program,  the  maximum  H-V  performance  was  established  for  two  gross  weights 
and  three  density  altitudes.  The  results,  shown  in  figure  4,  indicate  that  the  H-V  profile  varies  in  magnitude  with  gross-weight/density 
ratio.  The  data  reflect  a  2-second  delay  between  throttle  chop  and  initiation  of  pilot  recovery,  essentially  utilizing  uniform  pilot 
technique.  Figure  i  is  considered  by  USAASTA  to  reflect  "maximum"  H-V  performance  for  the  OH-58A. 


\r  ’*»> 


S-3 


To  derive  operational  H-V  curves,  the  perfonnance  of  two  SIP's  was  observed.  They  were  asked  to  perform  school  maneuvers 
as  well  as  entries  from  unfamiliar  speed  and  altitude  combinations.  Data  were  recorded  during  these  fligits,  and  typical  SIP  responses 
and  performance  were  recorded.  Additional  flights  were  performed  by  the  USAASTA  experimental  test  pilot  to  apply  SIP  constraints 
and  to  derive  an  operationally  realistic  H-V  curve  (figure  S). 

Similar  H-V  tests  were  performed  on  the  AH-1G  (Cobra)-  The  H-V  curves  were  obtained  at  different  weights  and  altitudes 

and  appear  to  generalize  with  gross-weight/density  ratio  (figure  6).  The  recommended  operational  H-V  profile  requires  substantially 

higher  airspeeds  at  the  knee  than  does  the  present  handbook  curve  (figure  7). 

One  consequence  of  the  K -V  testing  is  a  recommendation  to  correct  presently  inadequate  flight  handbook  data.  The 

flight  handbook  narrative  discussions  of  recommended  pilot  procedures  are  in  particular  need  of  revision  for  several  aircraft.  It 
is  anticipated  that  inclusion  of  USAASTA  data  will  result  in  improved  training,  pilot  awareness,  and  operational  safety. 

Before  leaving  the  subject  of  height-velocity,  it  is  worthwhile  to  mention  one-engine-inoperative  (OEI)  H-V  tests.  Historically, 
these  tests  have  proven  to  be  the  most  dangerous  of  the  H-V  programs  -  this  is  possibly  due  to: 

1 .  Pilot  overconfidence. 

2.  Engine  response  pecularities. 

3.  Vortex  ring  state  encounter. 

The  US  Army  Aviation  Systems  Test  Activity  has  successfully  performed  OEI  H-V  testing  on  the  CH-47B  (Chinook) 
helicopter  (reference  7).  At  the  present  time,  plans  are  being  finalized  for  the  testing  of  the  CH-47C  (USAASTA  Project  No.  66-29) 
and  the  CH-S4B  (USAASTA  Project  No.  71-01)  helicopters,  it  is  intended  to  develop  realistic  operational  envelopes  suitable  for 
operational  Army  aviator  use  for  both  of  these  aircraft. 

Autorotational  Entry 

Early  test  experience  as  well  as  reports  from  operational  users  of  the  AH-1G  helicopter  indicated  severe  aircraft  responses 
associated  with  engine  power  failure  at  high  speeds.  The  USAASTA  Project  No.  70-25  testing  was  conducted  to  quantitatively 
evaluate  the  response  of  the  AH-1G  helicopter  to  simulated  sudden  engine  failures  (reference  8).  Aircraft  response  to  simulated 
sudden  engine  failure  was  characterized  by  rapid  roll  attitude  clianges  and  rapid  main  rotor  rpm  decay  rates,  both  of  which  were 
unacceptable  at  the  maximum  engine  torque  settings.  The  severity  of  the  aircraft  response  at  a  given  speed  is  primarily  a  function 
of  engine  torque  at  the  time  of  failure,  as  is  seen  in  figures  8  and  9. 

It  was  found  that  the  AH-IG  helicopter  failed  to  comply  with  both  the  present  and  proposed  military  specifications 
for  flying  qualities  of  helicopters  with  regard  to  autorotational  entry  at  high-airspeed/high-torque  conditions.  However,  the  present 
Military  Specification,  MIL-H-8501A,  Helicopter  Flying  and  Ground  Handling  Qualltlet;  General  Requirement i  For,  does  not  fully 
or  realistically  prescribe  a  safe  operating  limit  for  this  class  of  helicopter.  Analysis  of  the  test  results  produced  a  relationship  between 
entry  airspeed  and  engine  torque,  anc  the  maximum  delay  time  which  can  be  tolerated  prior  to  corrective  pilot  input  (figure  10). 

It  was  recommended  that  the  operational  envelope  for  the  visual-flight-rule  (VPR)  daytime  flight  conditions  for  the  AH-IG 
be  limited  to  those  combinations  of  engine  torque  and  airspeed  where  the  pilot  recognition  and  reaction  time  is  at  least  1 .5  seconds, 
and  the  bank  attitude  change  would  not  exceed  40  degrees  in  2  seconds.  It  was  also  recommended  that  the  night  and  low-visibility 
operating  envelope  for  the  AH-IG  be  further  limited  to  those  conditions  which  would  safely  allow  a  2-second  control  delay. 
Application  of  these  recommendations  should  result  in  increased  operational  safety  for  the  AH-IG. 

Autorotational  entry  problems  have  also  been  reported  by  the  Army  Primary  Helicopter  School  at  Fort  Wolters,  Texas, 
on  the  TH-55A  (Osage)  helicopter.  Abrupt  pitching  responses  were  being  experienced  in  addition  to  the  more  classical  yawing 
and  rolling  following  a  throttle  chop.  Several  accidents  had  been  attributed  to  this  undesirable  characteristic,  and  USAASTA  was 
asked  to  investigate. 

Very  early  in  the  test  program,  it  became  apparent  that  the  pitching  phenomenon  was  not  a  result  of  engine  power  failure/airframe 
dynamic  response.  Rather,  it  was  an  inherent  static  stability  characteristic  which  was  aggravated  by  stabilizer  dihedral  and  weak 
aircraft  directional  stability.  Because  of  the  weak  side-force  characteristics,  it  was  very  easy  to  fly  with  as  much  as  15  degrees 
of  right  sideslip  while  the  pilot  thought  he  was  in  trimmed  flight.  The  result  was  a  significant  change  in  tail  effectiveness  and 
angle  of  attack  when  the  helicopter  yawed  outside  the  rotor  wake  following  a  throttle  chop.  This  condition  caused  enormous 
changes  in  tail  angle  of  attack  (from  -10  to  -t-30  degrees)  resulting  in  rapid  nose-down  pitching  -  an  extremely  unhealthy  situation 
at  low  altitudes.  The  Fort  Wolters  training  profile  is  predominantly  flown  at  500  feet.  Time  histories  of  this  maneuver  are  shown 
in  figure  11. 

The  US  Army  Aviation  Systems  Test  Activity  modified  its  test  program  to  include  development  of  a  more  suitable  horizontal 
stabilizer  for  the  TH-5SA.  It  was  determined  that  an  upper  surface  spoiler  would  be  of  some  benefit  in  reducing  upload,  and 
reduced  area  could  be  of  further  benefit.  After  several  configurations,  a  proposed  "fix"  was  finalized  which  is  shown  in  figure  12. 
It  is  seen  to  incorporate  both  an  upper  surface  spoiler  and  a  7-inch  spanwise  reduction. 

To  further  cope  with  the  weak  inherent  side-force  characteristics,  a  sideslip  indicator  *  Uso  desired.  Yaw  strings  proved 
ineffective  because  of  the  poor  flow  characteristics  on  the  TH-55A  canopy.  Boom-mounted  yaw  res  were  rejected  as  excessively 
complex  and  expensive.  Finally,  Lieutenant  Colonel  William  R.  Benoit,  the  Director  cf  Flight  Test  and  project  test  pilot  for  the 
TH-55  at  USAASTA,  observed  that  the  aircraft  has  a  very  shallow  pedal  position  variation  in  airspeed  in  zero  sideslip.  Applying 
this  observation,  he  devised  a  pedal  position  indicator  which  could  be  used  to  indicate  proper  pedal  position  versus  power  setting 
(figure  13).  When  used,  the  indicator  provides  a  method  of  minimizing  sideslip  errors  for  all  flight  conditions. 

Presently,  both  the  modified  TH-55A  stabilizer  and  the  pedal  position  indicator  have  beer,  retrofitted  to  the  TH-55A 
fleet  at  Fort  Wolters.  Texas.  Initial  reaction  is  enthusiastic,  and  considerable  savings  in  personnel  injury  and  aircraft  damage  are 
anticipated. 
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Maneuvering 

The  AH-tG  has  given  the  US  Army  greatly  increased  operational  capability  resulting  from  botn  high  speed  and 
maneuverability.  However,  several  undesirable  characteristics  associated  with  maneuvering  flight  have  been  reported  by  operational 
users.  One  of  these  characteristics,  inadequate  altitude  margins  to  recover  from  high-g  pullouts  at  high  airspeeds,  was  investigated 
during  USAASTA  AH-1G  Phase  D  testing  (reference  9). 

It  was  originally  suspected  that  the  information  presented  in  the  operator's  manual  might  be  in  error  since  it  was  computed 
on  the  basis  of  the  simplified  assumptions  of  a  1. 0-second  delay  prior  to  normal  load  factor  buildup  and  a  constant  normal  load 
factor  thereafter.  However,  test  results  showed  that  these  simple  assumptions  predicted  the  actual  aircraft  performance  accurately. 
Test  data  were  obtained  for  a  number  of  flight-path  angles  and  are  shown  in  figure  14.  It  is  important  to  recognize  that  different 
assumptions  will  be  required  for  articulated  and  rigid-rotor  helicopters  because  of  their  inherently  faster  response  times. 

Another  comprehensive  maneuver  test  program  was  conducted  on  the  AH-1G  during  USAASTA  Project  No.  69-11 
(references  10  and  11).  Three  important  areas  were  investigated: 

1.  Basic  stability,  control,  performance,  vibration,  and  structural  loads  characteristics  of  the  AH-1G  during  controlled, 
steady-state  maneuvers. 

2.  Kinematic  relationships  of  the  aircraft  during  maneuvering  flight.  Both  steady-state  maneuvers  and  free-form 
retum-to-target  tasks  were  included. 

3.  Potential  problem  areas  peculiar  to  operational  maneuvering  flight,  particularly  in  the  areas  of  stability,  vibration, 
loads,  and  total  vehicle  energy. 

To  determine  maximum  sustained  maneuver  capability,  each  pilot  was  asked  to  execute  windup  turns  holding  both  altitude 
and  airspeed  constant  while  incrementally  increasing  bank  angle  for  each  new  test  point  until  maximum  allowable  engine  torque 
was  reached.  Two  gross  weights  (8,300  and  9,500  pounds)  were  studied  to  establish  dependence  of  maneuvering  parameters  on 
the  product  of  normal  acceleration  and  gross  weight,  ie,  main  rotor  thrust  demand. 

The  pilots  were  next  asked  to  exceed  these  maneuvering  limits  first  by  decreasing  airspeed  while  holding  altitude  constant, 
and  second  by  decreasing  altitude  while  holding  airspeed  constant.  The  resulting  load  factor  capability  is  shown  in  figure  15. 

Equivalent  power  was  calculated  for  all  of  the  above  data  to  determine  if  energy  maneuverability  is  a  valid  concept 
for  helicopters.  Equivalent  power  is  the  sum  of  engine  power  and  the  rates  of  change  of  kinetic,  potential,  and  rotor  inertial 
energy. 


Equivalent  power  data  for  the  AH-1G  during  the  above  maneuvers  are  presented  in  figure  16.  The  following  observations 
were  made: 

1.  Equivalent  main  rotor  thrust,  equivalent  power,  and  advance  ratio  appear  to  be  valid  scaling  parameters  for  the 
family  of  data  obtained. 

2.  Rotor  stall,  as  reflected  in  the  spacing  of  adjacent  equivalent  thrust  increments,  is  quite  gradual. 

3.  The  characteristic  trends  of  nonmaneuvering  performance  data  continue  to  hold  for  maneuvering  performance. 

Another  portion  of  the  AH-IG  maneuvering  test  program  concentrated  on  retum-to-target  maneuvers.  These  maneuvers 
were  flown  by  three  pilots  at  each  of  five  entry  airspeeds,  and  the  results  are  shown  in  figure  17.  It  was  found  that  substantial 
variation  in  aircraft  performance  results  from  differing  pilot  technique. 

As  a  result  of  the  AH-IG  maneuvering  studies,  a  great  deal  of  knowledge  has  been  gained  regarding  rotary-wing  maneuvering 
characteristics.  A  number  of  recommendations  made  in  the  previously  referenced  report  (reference  11)  are  expected  to  improve 
operational  safety  and  utility.  Several  of  the  technical  concepts  established  as  a  result  of  this  test  are  already  being  applied  in 
the  design  of  future  US  Army  rotorcraft. 

The  UTTAS  system  specification  contains  new  requirements  for  helicopter  maneuverability.  The  US  Army  Aviation  Systems 
Test  Activity  is  presently  evaluating  (Project  No.  71-32)  the  UTTAS  terrain-avoidance  maneuver  (pull-up  to  achieve  1.75g's  at 
150  knots  within  1.0  second,  sustain  1.75g's  for  3.0  seconds,  pushover  to  achieve  O.Og,  sustain  O.Og  for  2.0  seconds)  on  three 
different  aircraft.  The  OH-58A  (teetering),  OH-6A  (articulated),  and  BO-105  (hingeless)  helicopters  will  permit  assessment  of  rotor 
system  type  on  symmetrical  maneuvering  performance. 

Vibration  and  Noise 

Increasing  importance  has  been  assigned  to  the  areas  of  helicopter  vibration  and  noise.  To  date,  very  little  has  been 
done  to  require  compliance  with  existing  specifications  in  these  areas,  and  US  Army  test  programs  have  inadequately  defined  vibration 
and  noise  characteristics.  The  US  Army  Aviation  Systems  Test  Activity  is  presently  engaged  in  a  significant  test  program  (Project 
No.  70-15)  to  gather  vibration  data  on  all  standard  US  Army  helicopters.  Participating  with  USAASTA  in  this  effort  are  the  Eustis 
Directorate  of  AMRDL  and  WECOM  Weapons  Laboratory,  Rock  Island,  Illinois.  Data  are  being  obtained  throughout  the  airframe 
with  particular  emphasis  on  areas  and  components  with  known  high  frilure  rates.  Environmental  temperatures  are  also  being  recorded. 
Tests  on  the  OH-58A  have  been  completed,  .md  data  are  being  analyzed  at  this  time.  High-frequency  data  (up  to  2kHz)  are  being 
recorded  using  piezioelectric  accelerometers,  -id  FM/multiplex  onboard  tape  recorders.  The  data  are  spectrally  decomposed  using 
real  time  analysis  equipment. 

A  forerunner  to  USAASTA  Project  No.  70-15  was  the  5.56/7.62mm  weapons  comparative  evaluation  on  the  OH-6A 
helicopter  (reference  12).  The  objectives  of  that  test  were  to  qualitatively  evaluate  and  compare  the  5.56mm  and  the  7.62mm 
automatic  guns  for  firing  accuracy  anu  the  effect  of  the  weapons  firing  on  flight  characteristics,  and  also  to  quantitatively  evaluate 
instrument  panel  and  gun-mount  v  •'ration  levels,  cockpit  gun-noise  levels,  and  gun-gas  levels  created  by  weapons  firing.  Only  minor 
differences  were  noted  in  firing  accuracy  at  ranges  of  500  meters  or  less.  A  pronounced  loss  of  accuracy  was  noted  with  the 
5. 56mm  automatic  gun  at  ranges  of  1,000  meters  and  greater.  Helicopter  reactions  were  most  apparent,  for  both  weapons,  during 
hover  firing  at  a  high  rate  of  fire  and  were  more  severe  with  the  7.62mm  automatic  gun  than  with  the  5.55mm  gun. 
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Vibration  levels  of  the  instrument  panel  and  gun  mount  were  reduced  significantly  with  installation  of  the  5.56mm  automatic 
gun  as  opposed  to  the  7.62mm  weapon.  Significant  reductions  in  instrument  panel  vibration  and  cockpit  noise  levels  were  also 
noted  for  both  weapons  when  firing  with  the  DOORS  ON  as  compared  to  firing  with  the  DOORS  OFF.  The  lateral  axis  vibrations 
were  most  severe  for  the  instrument  panel  and  are  shown  in  bar  graph  format  in  figure  18.  Each  bar  graph  was  constructed  by 
integrating  the  power  spectral  density  for  each  test  condition.  A  typical  spectral  plot  is  shown  in  figure  19.  Significant  vibration 
was  noted  at  frequencies  above  1kHz  during  firing  tests. 

The  OH-6A  test  program  also  measured  cockpit  noise  during  firing.  It  was  found  that  both  weapons  significantly  exceeded 
the  maximum  noise  exposure  limits  prescribed  in  MIL-A-8806A(ASG),  for  crews  wearing  helmets  (figure  20).  More  disturbing  was 
the  finding  that,  even  without  firing,  those  maximum  levels  are  exceeded. 

A  great  deal  of  work  remains  to  be  done  in  the  vibration  and  noise  areas.  It  is  clear  that  the  relatively  high  levels  of 
environmentally  induced  component  failure  and  permanent  hearing  loss  historically  experienced  by  aircrews  cannot  be  tolerated. 

CONCLUSION 

The  purpose  of  this  paper  is  to  emphasize  the  existence  of  the  US  Army’s  engineering  flight  test  facility,  its  resources 
and  capabilities,  and  some  significant  results  of  helicopter  flight  testing  to  date.  Greater  safety,  maintainability,  and  reliability  are 
being  assured  through  constantly  improved  flight  testing  techniques  and  the  use  of  state-of-the-art  instrumentation,  data  acquisition, 
and  data  reduction  equipment.  More  stringent  helicopter  performance  criteria  are  placing  greater  demands  on  the  test  agencies 
to  devise  new  methods  and  procedures  for  collecting  and  analyzing  data.  Finally,  the  environmentally  induced  equipment  failures 
attributed  to  structural  vibrations  and  permanent  loss  of  hearing  experienced  by  aircrews  are  areas  requiring  additional  work  by 
the  test  agencies.  A  test  program  is  currently  in  progress  at  USAASTA  to  more  fuily  define  the  vibration  characteristics  of  all 
standard  US  Army  aircraft. 
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A  NEW  LOOK  AT  HELICOPTER  LEVEL  FLIGHT  PERFORMANCE 


by 

Allen  B.  Hill 
Rotary  Wing  Branch 
Flight  Test  Division 
Naval  Air  Test  Center 
Patuxent  River,  Maryland  20670 


SUMMARY 


Performance  engineers  have  been  ignoring  test  data  in  the  area  of  the  classic  helicopter  level 
flight  power  required  curve  just  above  the  "bucket"  from/{"  0.15  to  0.25.  These  data  have  shown  a  dis¬ 
continuity  or  "ripple,"  but  unfortunately  the  data  analysts  have  elected  to  disregard  the  date  and  fair 
the  curves  into  the  shape  of  the  familiar  power  required  curve.  The  arguments  supporting  this  practice 
ha”'  ranged  from  poor  pilot  technique  to  normal  data  scatter;  in  all  cases,  the  rationale  was  backed  by 
classical  level  flight  performance  theory  and  by  universal  acceptance. 

None  of  these  arguments,  however,  can  withstand  the  rebuttal  of  repeatable  and  voluminous 
flight  test  data  acquired  from  a  full  spectrum  of  helicopter  rotor  system  designs.  Also,  the  concept  of 
the  "ripple"  In  this  areals  feasible  when  the  results  of  W.  H.  Tanner's  wake  flow  studies  are  applied. 
These  studies  are  examined  and  are  compared  with  flight  test  data.  Original  test  data  acquired  at  the 
Naval  Air  Test  Center  (NATC)  during  the  past  five  years  are  presented  to  illustrate  the  existence  and 
magnitude  of  the  "ripple."  Data  acquired  from  rotor  systems  of  the  two-  j laded  teetering,  five  and  aix- 
bladed  articulated,  four  bladed  servo  flap,  and  three-bladed  articulated  tandem  designs  are  Included.  This 
covers  the  H-l,  H-2,  H-3,  H-46,  H-53  and  H-57  type  helicopters.  In  addition,  a  special  performance  evalu¬ 
ation  of  the  HH-3A  helicopter  was  conducted  at  NATC  to  determine  the  existence  of  the  "ripple."  Again  the 
test  results  were  faired  in  the  classic  helicopter  level  flight  power  required  curve. 

The  author  has  observed  mixed  reactions  to  this  concept  during  discussions  with  experienced 
flight  test  engineers  and  data  analysts  throughout  Industry  and  the  service  Test  Centers.  Most  agree  that 
the  trend  Is  shown  by  the  data;  only  a  few  have  accepted  its  validity  and  still  fewer  have  readjusted 
their  curves  and  published  the  results.  This  paper  Is  Intended  to  serve  a  two-fold  purpose;  to  lead  the 
helicopter  flight  test  community  Into  acceptance  of  the  "ripple"  phenomenon;  and  to  encourage  publication 
of  supporting  data  which  have  lain  dormant  throughout  the  years  because  of  a  low  confidence  level. 

INTRODUCTION 


Helicopter  level  flight  performance  data  are  presented  as  Power  Coefficient  (Cp)  versus  Tip 
Speed  or  Advance  Ratio  for  a  range  of  Thrust  Coefficients  (Op).  This  data  presentation  was  developed  from 
momentum  and  blade  element  theory.  The  power  coefficient  Is  a  non-dimensional  expression  for  the  main 
rotor  shaft  horsepower  required.  The  main  rotor  shaft  horsepower  required  conel.'ts  of  profile,  parasite 
and  induced  power.  The  advance  or  tip  speed  ratio  is  a  non-dimensional  ratio  of  flight  speed  and  main 
rotor  rotational  speed.  The  thrust  coefficient  is  a  non-dimensional  expression  for  thrust  required.  It 
should  probably  be  called  the  weight  coefficient,  since  vertical  drag  is  normally  ignored,  and  thrust  Is 
replaced  hv  gross  weight.  A  representative  classic  helicopter  level  flight  performance  curve  Is  presented 
In  floT.e  1.  rib"r-  9  Is  a  specific  range  curve  used  In  conjunction  with  the  data  from  figure  1. 

THE  "RIPPLE" 


Some  years  rgo  the  author  noticed  what  appeared  to  be  a  "ripple"  In  the  flight  test  level 
flight  power  required  curves  just  above  the  "bucket"  In  the/f  ■  0,15  to  0.25  range.  When  the  question  of 
the  ripple  was  presented  to  senior  flight  test  and  performance  engineers  It  was  explained  as  normal  data 
scatter  and  poor  pilot  technique.  At  the  time  this  seemed  reasonable  since  the  theory  did  not  support 
such  a  "ripple."  The  smooth  data  fairing  as  shown  in  figure  1  was  universally  accepted.  This  explanation 
was  satisfactory  until  more  and  more  data  were  reviewed  by  the  author.  Most  of  these  data  showed  evidence 
of  a  discontinuity  or  "ripple."  The  "ripple"  could  not  be  explained  so  It  was  called  scatter  or  poor 
pilot  technique.  It  seemed  more  reasonable  to  the  author  to  attribute  the  "ripple"  to  some  instability  In 
the  flow  through  the  main  rotor. 

During  Navy  Evaluation  of  the  Bell  Helicopter  Company  HueyTug  helicopter  for  the  Navy 
VERTREP  mission  the  "ripple"  was  found  again.  It  was  noted  that  while  accelerating  from  a  hover  to  cruise 
speed  a  directional  instability  was  encountered  at  about  55  kt.  The  aircraft  would  oscillate  direction¬ 
ally  +15  degrees.  This  was  dun  to  the  main  rotor  vortex  blowing  back  through  the  tail  rotor.  Figure  3 
showa~the  level  flight  speed  power  as  published  In  NATC  Technical  Report  FT-lR-70.  The  "ripple"  appeared 
to  be  less  pronounced  as  the  Op  Increased,  This  was  attributed  to  the  stronger  vortex  at  the  higher  gross 
weight.  The  photograph  of  figure  4  shows  the  S64  Skycrane  with  the  trailing  vortex  pattern  visible  due  to 
water  vapor.  The  vortex  shed  by  one  blade  tends  to  go  below  the  following  blade  and  Intersect  the  next  or 
second  blade  back.  Shortly  after  the  publication  of  the  HueyTug  report,  Mr,  Robert  Lynn,  Chief  of  Research 
and  Development  at  Bell  Helicopter,  delivered  a  paper  to  the  NATC  Patuxent  River  section  of  the  American 
Helicopter  Society.  Mr.  Lynn  discussed  work  being  done  by  Mr.  W.  Tanner  in  rotor  performance  with  the  shed 
vortex  taken  Into  account.  Mr.  Tanner  had  used  a  single  rotor  blade  with  N  trailing  vortices  and  an  itera¬ 
tion  process  In  his  development.  He  found  that  his  program  gave  him  a  "ripple"  In  the  level  flight  per¬ 
formance  curve.  Mr.  Lynn  took  some  of  the  NATC  data  back  to  Bell  and  ran  it  through  the  computer  program 
(BRAM  with  vortex).  The  results  are  as  shown  in  figure  5.  The  ripples  appeared  in  the  same  general  loca¬ 
tions  in  both  the  flight  test  and  theoretical  data.  The  lower  Op  agreed  rather  well  with  flight  test  data. 
As  the  Op  increased  the  curves  agreed  less  in  Cp  but  the  "ripple"  was  still  in  the/(.  range.  Figures  6 
through  11  show  NATC  flight  test  data  with  curves  faired  to  show  the  "ripple."  Figures  6  and  7  are  for 
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two-bladed  siml  rigid  teetering  rotor  systems.  The  FH-1100  maximum  endurance  speed  decreases  by  about  97. 
(figure  6)  and  the  TH-S7A  shows  an  87,  decrease.  Figure  8  shows  the  flve-bladed  fully  articulated  SH-3  In 
the  normal  configuration.  The  data  Indicate  a  127.  decrease  In  maximum  endurance  speed.  Figure  9  shows 
the  slx-bladed  fully  articulated  CH-53A  which  shows  a  decrease  of  about  47..  The  curves  of  figure  10  show 
the  tandem  three-bladed  fully  articulated  CH-46D.  This  particular  set  of  data  is  interesting  In  that  It 
tends  to  have  a  second  "ripple"  In  the  area  aiJLL  ■  0.275.  The  author  has  assumed  that  the  second  "ripple" 
is  due  to  the  overlap  of  the  rotors.  The  data  Indicate  that  maximum  endurance  speed  Is  decreased  by  about 
77..  Figure  11  shows  the  AH-1J  In  the  Hog  configuration,  again  a  two-bladed  semi  rigid  rotor  helicopter 
with  a  37.  decrease  In  endurance  speed.  Note  that  the  external  configuration  Is  a  "dirty"  one.  The  two- 
bladed  semi  rigid  teetering  rotor  system  appears  to  display  the  "ripple"  more  than  any  of  the  other  rotor 
systems.  Figures  12  and  13  show  the  two-bladed  AH-1G  and  UH-1N  level  flight  curves  with  7  and  107.  de¬ 
creases  In  endurance  speed.  Figure  ’4  is  a  comparison  of  three  different  types  of  rotor  systems.  The  four 
bladed  servo  flap  rotor  of  UH-2C  is  shown  at  the  top.  The  tandem  rotor  CH-46  is  In  the  center  and  the  two- 
bladed  teetering  rotor  of  the  HueyTug  Is  on  the  bottom. 

What  effect  does  the  "ripple"  have  on  the  performance  data  fairings?  In  general  there  is  a 
reduction  In  the  maximum  endurance  airspeed  and  an  Increase  In  the  maximum  specific  range  airspeed.  The 
shift  In  maximum  endurance  speed  is  up  to  ten  kt,  while  in  some  cases  there  does  not  appear  to  be  any 
significant  shift  at  all.  Of  course  any  shift  In  the  speed  power  curve  causes  a  resulting  shift  In  the 
specific  range  curve  of  the  same  relative  magnitude.  The  magnitude  of  the  change  In  maximum  endurance 
speed  Is  of  little  consequence.  The  main  rotor  power  required  with  and  without  the  "ripple"  are  essen¬ 
tially  the  same.  Maximum  range  data  shows  little  or  no  change  in  power  requirement.  The  speed  change 
could  be  significant  If  it  wore  not  for  the  one  percent  power  reduction  taken  in  the  determination  of 
maximum  range  speed.  The  "ripple"  location  and  shape  tend  to  be  supported  by  the  difficulty  encountered 
in  stabilizing  on  speeds  just  above  the  "bucket."  This  difficulty  la  encountered  in  a  speed  range  where 
the  Instrument  approach  is  generally  flown, 

A  recent  NATO  evaluation  of  the  HH-3A  helicopter  showed  the  "ripple"  in  the  speed  power  curve. 
The  aircraft  manufacturer  did  not  agree  and  a  special  performance  program  was  conducted  to  resolve  the 
differences.  The  project  team  assigned  to  this  program  followed  a  procedure  outlined  in  NATO  Report  of 
Test  Results  FT-21R-71  dated  24  March  1971.  A  constant  ratio  of  gross  weight  to  pressure  ratio  was 

maintained.  This  requires  the  rotor  speed  to  temperature  ratio  (NR //ff)  also  be  a  constant.  The  ad¬ 
vancing  blade  tip  Mach  number  and  tip  speed  istio  is  held  to  a  linear  relationship.  The  speed  po  -  curves 
from  this  evaluation  are  presented  as  figures  15  and  16.  Three  flights  were  conducted  In  each  configura¬ 
tion  with  the  same  target  C  .  The  data  from  each  configuration  were  grouped  together  to  form  one  curve 
for  that  configuration.  The  test  project  team  concluded  that  the  "ripple"  did  not  exist.  The  author  does 
not  agree.  If  the  data  from  figures  15  and  16  are  replotted  using  the  points  that  fall  along  constant  Op 
lines  as  shown  In  figures  17  and  18  the  "ripple"  does  appear.  Note  that  figure  17  shows  little  or  no 
change  in  the  maximum  endurance  speed.  Figure  18  Indicates  an  87.  change  in  endurance  speed.  This  Is 
attributed  to  the  Armed  SAR  configuration  being  a  very  "dirty"  one.  It  Is  hoped  that  additional  testing 
will  be  done  In  this  area. 

The  author  has  discussed  the  "ripple"  with  experienced  flight  test  engineers  and  data  analysts 
throughout  Industry  and  the  service  Test  Centers.  Most  agree  that  the  data  show  the  existence  of  the 
"ripple,"  There  Is  some  evidence  of  a  similar  "ripple"  in  the  maximum  rate  of  climb  and  minimum  rate  of 
descent  curves  obtained  from  sawtooth  climbs  and  descents. 


This  paper  Is  Intended  to  serve  a  two-fold  purpose:  to  lead  the  helicopter  flight  test 
community  Into  acceptance  of  the  "ripple"  phenomenon;  and  to  encourage  publication  of  supporting  data  which 
have  lain  dormant  throughout  the  years  because  of  a  low  confidence  level.  Don't  be  lead  to  believe  that 
all  pilots  develop  poor  data  gathering  techniques  at  the  same  place  in  the  speed  power  curve  on  every 
performance  flight. 
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FIGURE  4  S-64  SKYCRANE 
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SOME  FLIGHT  EXPERIMENTS  ON  THE  XH51  N  HELICOPTER 

ty 

P.  Brotherhood  and  C.  A.  Janes 
Royal  Aircraft  Establishment 
Bedford)  England. 


SUMMARY 

This  paper  presents  some  preliminary  results  from  a  fruitful  collaboration  with  the  NASA  Langley 
Research  Center-  NASA  mads  its  Lockheed  XH51  N  helicopter  available  to  the  Royal  Aircraft  Establishment 
for  flight  tests  at  Bedford,  England,  to  be  concentrated  mainly  on  stability  and  control.  Several  com¬ 
binations  of  gyro  inertia  and  oontrol  springs  have  been  evaluated.  The  principal  effects  of  the  changes 
in  configuration  were  variations  in  control  sensitivity  and  rotor  damping}  the  degree  of  change  expected 
on  theoretical  grounds  has  been  broadly  demonstrated.  A  variation  in  static  stability  due  to  a  differ¬ 
ently  shaped  gyro  arm  was  also  experienced.  Pilot  op  mion  on  the  various  configurations  has  been 
assessed. 

Some  brief  comparative  flying  was  made  in  company  with  the  Vfestland  Research  Scout  helicopter  which  has  a 
hingeless  rotor  but  no  autostabilisation  of  any  kind.  The  results  illustrate  some  differences  in  handling 
but  the  comparison  .  f  rotor  blade  bending  moments  from  results  so  far  analysed  is  inconclusive. 


1.  INTRODUCTION 

This  paper  presents  sods  preliminary  results  from  a  fruitful  collaboration  with  the  NASA  Langley 
Research  Center.  NASA  made  its  Lockheed  XH51  N  helicopter  available  to  the  Royal  Aircraft  Establishment 
for  flight  tests  at  Bedford,  England.  The  helicopter  was  flown  to  Bedford  in  a  Hercules  (C130)  aircraft 
of  RAF  Support  Command,  arriving  on  30th  September,  1970}  during  the  next  seven  months  the  £0  hours 
flying  allocated  by  NASA  were  completely  used  before  the  helicopter  was  returned  by  air  to  Langley  on 
10th  May,  1971. 

The  XH51  is  an  experimental  aircraft  which  has  been  in  use  at  Langley  since  1965  and  has  several  interest¬ 
ing  features.  It  is  fitted  with  a  hingeless  rotor  incorporating  the  Lockheed  gyro-control  system  and  an 
experimental  cockpit  suspension  to  provide  some  isolation  from  vibrations.  The  work  at  Bedford  was  con¬ 
centrated  mainly  on  stabO^ty  and  control  for  whioh  the  aircraft  is  particularly  well  suited  in  that  some 
of  its  basic  oharacteris may  be  readily  varied.  For  example,  the  effeotive  damping  of  the  rotor  oan 
be  varied  by  changing  the  inertia  of  the  gyro,  and  the  control  power  by  ohanging  the  control  springs. 
Several  gyro  arms  of  differing  inertia  were  available  together  with  a  runge  of  control  springs}  in  all, 
four  combinations  including  the  original  were  flown.  The  work  at  Langley  had  included  investigations 
into  handling  qualities  and  loadings  associated  with  nap-of - the -earth  flying  (ref.  1,  2)  but  the  parti¬ 
cular  ohnnges  in  gyro  inertia  and  oontrol  springs,  although  originally  envisaged  as  part  of  the  NASA 
programme  for  the  aircraft-  were  evaluated  for  the  first  time  at  RAE,  Bedford. 

As  background  to  the  present  tests  it  is  useful  to  remember  that  in  June,  1970  when  the  oollaborative 
programme  was  first  discussed  the  practical  first-hand  experience  of  hingeless-rotor  helicopters  in 
Britain  was  very  limited.  Ueatlands  advanced  hingeless  design  for  the  WG13  (lynx)  was  still  in  manu¬ 
facture  and  the  Research  Scout  helloopter  which  incorporated  many  features  of  the  rotor  for  the  lynx  had 
only  recently  flown.  (Both  helicopters  have  now  accumulated  many  successful  flying  hours  and  a  paper 
describing  flight  tests  of  the  Research  Scout  is  also  being  presented  at  this  Symposium.)  In  particular, 
no  first-hand  flight-teat  experience  of  hingeless  rotors  then  existed  at  the  RAE,  and  it  was  against  this 
background  that  NASA's  loan  of  the  XH51  N  helicopter  was  welcomed.  The  loan  itself  and  the  technical 
support  throughout  the  programme  are  gratefully  acknowledged.  Speolal  mention  should  be  made  of  the 
expert  help  given  by  Robert  Huston  from  the  Langley  Center's  own  flight  research  team  who  spent  a  month 
with  us  at  Bedford  at  the  start  of  the  tests. 

Some  theoretical  studies  of  the  longitudinal  stability  had  previously  been  made  at  RAE}  these  had  indi¬ 
cated  the  improved  short-term  control  at  low  speeds  but  also  revealed  adverse  effects  at  high  speeds 
with  helicopters  having  high  equivalent  flapping-hinge  offsets.  There  are  of  oourse  several  solutions  to 
this  problem  and  the  gyro-control  system  includes  the  ability  to  "de-aensitlce"  the  rotor  as  one  of  its 
characteristics.  Some  comparative  flight  tests  have  been  made  with  a  hingeless  rotor  helicopter  with  no 
form  of  stabilisation  in  an  effort  to  evaluate  differences  in  behaviour. 

Finally,  it  should  be  emphasised  that  the  results  given  are  preliminary}  a  final  report  will  be  issued 
later. 

2.  DESCRIPTION  OF  THE  AIRCRAFT  AND  INSTRUMENTATION 

The  XH51  N  helioopter  (fig.  ia  a  three-bladed  hingeless  rotor  helicopter  which  was  flown  during 
the  present  tests  at  a  nominal  test  weight  of  4,000  lb.  It  is  powered  by  a  950  h.p.  free-turbine  engine. 
Aerodynamically  it  i3  fairly  clean  and  is  fitted  with  a  retractable  skid  underoarriage.  The  nose, 
including  the  cockpit,  has  a  limited  degree  of  freedom  in  a  vertical  direction  and  is  spring-mounted 
relative  to  the  rest  of  the  fuselage  for  vibration  isolation. 

The  helicopter  is  fitted  with  the  gyro-controlled  Lockheed  rotor  system.  A  diagram  of  the  cyclic  pitch 
control  system  is  given  in  fig.  2.  The  free  gyro  precesses  to  provide  feathering  inputs  to  the  blades 
when  subjected  to  an  applied  moment  provided  by  the  pilot  through  a  system  of  springs.  These  springs  are 
actuated  throu  h  an  irreversible  power-boost  system  and  are  termed  'positive'  springs;  each  of  them 


(longitudinal  and  lateral)  has  a  complementary  'negative*  spring  of  nominally  equal  effective  rate.  They 
are  arranged  in  such  a  way  that  moments  are  applied  to  the  gyro  by  the  controls,  but  the  gyro  experiences 
near  zero  sprine  rate  as  far  as  free  oscillations  are  concerned.  The  gyro  i3  also  subject  to  feedback 
from  blade  moments  about  the  feathering  axis.  The  blades  are  not  in  line  with  the  feathering  axis  but 
are  swept  forward  through  a  small  angle  (2°)j  in  this  way  the  blade  thrust  exerts  a  moment  about  the 
feathering  hinge  which  is  transferred  to  the  gyro  itself  through  the  direct  linkage.  Blade  inplane  forces 
also  contribute  moments  to  the  gyro  but  these  are  usually  of  a  secondary  nature. 

Longitudinal,  lateral  and  directional  controls  have  trimmable  springs  to  provide  feel.  The  collective 
pitch  control  incorporates  the  usual  friction  device.  The  directional  controls  have  no  power-boost.  A 
bob-weight  is  attached  to  the  longitudinal  control  to  provide  a  measure  of  stick  force  per  'g*. 

The  helicopter  had  previously  been  extensively  instrumented  for  loading  and  handling  studies  (ref.  1,  2) 
and  this  instrumentation  was  virtually  unchanged  for  the  present  tests.  The  quantities  recorded  on  multi¬ 
channel  trace  recorders  included  positions  and  loads  in  the  control/gyro/rotor  system,  fuselage  attitudes 
and  rates,  main  rotor  flapwise  and  ckordwise  blade  root  bending  moments,  tall  rotor  flapwise  and  chord- 
wise  bending  moments  and  tail  rotor  pitch  link  load,  main  rotor  shaft  bending  moments  and  torque,  airspeed, 
aerodynamic  sideslip  and  incidence)  the  sensors  for  the  last  three  items  were  mounted  on  a  nose-boom. 

In  addition  to  the  airborne  recording  equipment  four  channels  of  structural  data  (main-rotor  flapwise  and 
chordwise  bending  moments  and  tail-rotor  pitch-link  load)  were  transmitted  by  telemetry  to  the  ground  and 
continuously  monitored  during  the  flight  tests. 

3.  CONTROL  SY3TEM  EVALUATION 

The  parameters  varied  during  the  evaluation  of  the  control  system  were  the  ©rro  inertia  and  the  con¬ 
trol  spring-rates.  Four  configurations  were  flowni- 


gyro  inertia,  slug  ft 


spring  rate,  lb/in 


(original) 


The  tests  made  in  each  configuration  included) - 

1a)  Control  to  trim  in  level  flight. 

b)  Control  to  trim  at  constant  collective  pitch  and  various  mean  speeds, 

c)  Response  to  step  input  of  control  at  various  speeds, 

d)  Response  to  pulse  input  of  control  at  various  speeds, 

e)  Control  to  trim  in  steady  turns. 

In  addition,  several  tasks  -'ere  flown  which  involved  manoeuvring  and  positioning  at  low  speed  near  the 
ground.  3ome  take-offs  and  landings  were  also  made  on  slopes  with  the  original  configuration. 

The  response  of  the  Lockheed  gyro-controlled  rotor  system  is  described  in  r>f.  3,  and  the  basic  features 
which  enable  us  to  evaluate  the  effects  of  gyro  inertia  and  of  variation  in  positive  spring-rate  are 
discussed  below  under  suitable  headings  and  compared  with  experimental  results.  It  should  be  emphasised 
that  we  shall  consider  first  order  effects  only  and  therefore  the  contribution  of  thrust  tilt  to  overall 
moments  on  the  helioopter  will  be  negleoted. 


With  the  shaft  and  controls  fixed,  any  time  average  external  moment  acting  on  the  rotor  is  rapidly 
reduced  to  zero.  The  feedback  from  the  rotor  processes  the  gyro  in  suoh  a  way  that  the  cyclic  pitoh 

applied  to  the  blade  eliminates  the  incremental  flapping  and  consequent  bub  moment.  The  rotor  therefore 

possesses  neutral  attitude  and  speed  stability.  These  characteristics  are  confirmed  by  the  longitudinal 
control  to  trim  in  level  flight,  when  speed  and  attitude  are  varied  as  shown  in  fig.  3«  It  will  be  seen 

that  there  is  virtually  no  change  in  stick  position  with  speed  when  the  $.0  slug  fv  gyro  is  fitted. 

The  gyro  supplies  the  feathering  to  counter  the  flapping  with  respect  to  the  "no-feathering"  axis  (which 
is  a  major  contribution  in  a  rotor  without  gyro)i  the  positive  spring,  actuated  by  the  stiok,  merely 
provides  the  input  necessary  to  generate  the  rotor-hub  moments  required  to  trim  the  relatively  small  fuse¬ 
lage  moments.  The  curves  do  have  a  positive  slope  when  the  gyro  of  inertia  7*5  slug  ft  is  fitted.  This 
is  due  to  the  fact  that  the  arms  at  this  gyro  are  flattened  and  form  a  crude  aerofoil,  the  aerodynamio 
forces  on  which  impart  a  degree  of  speed  stability.  Although  not  illustrated,  the  change  of  the  longi¬ 
tudinal  stick  position  with  speed  at  constant  collective  pitch  is  also  small  and  difficult  to  distinguish 
from  the  level  flight  trims,  where  of  course  collective  pitch  is  varied. 

3.2  Manoeuvre  Characteristics 

Time  histories  of  responses  to  longitudinal  and  lateral  control  steps  in  hovering  with  the  original 
configuration  (gyro  inertia  7.5  slug  ft8  and  spring  rate  545  lb/in  (7*5/545))  are  given  in  fig.  4  (a)(b). 
The  maximum  rate  of  roll  is  reached  very  rapidly  in  about  0.3  sec.  including  a  ramp  time  of  0.1  sec.  to 
reach  maximum  control  input.  Rate  of  pitch  tends  to  reach  an  initial  "knee"  in  about  0.9  sec.  and  there¬ 
after  continues  to  increase  gradually.  Thi3  feature  was  more  noticeable  with  aft  control  movements  and 
is  possibly  associated  with  translational  and  downwash  effects  on  the  fuselage.  The  short  term  response 
characteristics  of  the  helicopter  may  be  described  as  those  of  a  rate  demand  control  with  a  short  time 
constant  and  are  an  attractive  feature  of  the  hingeless  rotor.  The  general  nature  of  the  response  was 
the  same  for  all  combinations  of  gyro  and  springs  tested,  but  the  gain  and  the  time  constant  varied.  The 
reasons  for  these  variations  are  discussed  below. 


In  response  to  a  step  input  of  control,  before  the  angular  rate  of  the  helicopter  has  built  ud  the  angular 
acceleration  is  proportional  to  the  hub  moment  duo  to  blade  flapping.  A  moment  dependent  on  blade  flap¬ 
ping  reacts  the  moment  caused  by  the  positive  spring  through  the  action  of  the  pilot.  Thus  the  control 
sensitivity  (angular  acceleration  per  unit  control  displacement)  is  proportional  to  the  spring  rate. 


For  a  steady  rate  of  pitch  or  roll  a  steady  preccssional  torque  is  required  by  the  gyro.  If  the  controls 
arc  fixed  this  torque  is  supplied  through  feed  back  from  the  rotor  as  a  result  of  rotor  flapping,  and  pro¬ 
vides  an  overall  damping  moment  opposing  the  motion  of  the  helicopter.  For  a  steady  rate  of  roll  (say)  of 
the  unrestrained  helicopter,  the  hub  moment  is  zero  (if  the  fuselage  damping  is  neglected)  and  the  pre¬ 
ccssional  torque  required  by  the  gyro  is  supplied  by  the  spring  through  the  displacement  of  the  pilot's 
control.  The  required  torque  is  proportional  to  the  rate  of  roll  and  gyro  inertia,  i.e.» 

(spring  rate)  (stick  displacement)  «  (gyro  inertia)  (roll  rate) 


or, 

’Maximum  rate  of  roll 
rad/sec/inch  of  control 

and,  as  stated  previously, 

Control.sensitivity, 
rnd/secV inch  of  control 

and,  assuming  a  first  order  system  in  rate, 
the  Time  constant 


Spring  rate 
Gyro  inertia 


Spring  rate 


Main  mum  rate 

initial'  aoce  1  eration '  860 


and  Damping 


Initial  acceleration 
Maximum  rate  ’ 


seo 


-1 


These  characteristics  illustrated  in  the  hover  for  the  lateral  step  inputs  of  control  although  of  course 
the  results  for  longitudinal  control  are  similar.  The  maximum  rate  of  roll  for  the  various  combinations  of 
gyro  inertia  and  spring  rates  are  given  in  fig.  5*  It  will  be  seen  that,  for  a  particular  combination, 
maximum  rate  cf  roll  is  proportional  to  control  displacement  and  that,  as  expeoted,  the  lower  gyro  inertia 
gives  a  higher  maximum  rate  of  roll  for  each  spring  rate.  The  results,  which  represent  the  mean  of  all 
suitable  measurements  are  tabulated  belowi- 


Lateral  results  in  hover 


2 

Gyro  inertia,  slug  ft 

Spring  rate,  lb/in 

7.5 

7-5 

5.0 

5.0 

545 

364 

545 

364 

Measured  rate,  rad/seo/in  2 

Measured  sensitivity,  rad/seo  /in 

0.238 

1.87 

0.181 

1.44 

0.326  0.223 
2.25  1.5 

Rate  relative  to  original 
configuration  (theoretical) 

1.0 

0.67  — ] 

!  M1 

1.0  -1 

Rate  relative  to  original 
configuration  (measured) 

1.0 

O.76J 

1  1.5J 

o.9eJ 

Sensitivity  relative  to  original 
configuration  (theoretical) 

1.0 

0.73- 

1.0-1 

0.73-1 

Sensitivity  relative  to  original 

1.0 

O.77- 

1.2J 

0.8  J 

configuration  (measured) 

Damping  seo  (measured) 

6.9 

7.9 

6.4 

6.5 

It  will  be  seen  that  the  theoretical  trends  are  followed  broadly.  The  measurement  of  initial  angular 
acceleration  was  difficult  because  of  noise  on  the  record  and  the  short  time  constants  involved}  it  is 
therefore  particularly  open  to  error. 

The  range  of  characteristics  investigated  is  shown  on  a  damping  -  oontrol  sensitivity  diagram,  fig.  6, 
for  both  pitch  and  roll,  together  with  the  criteria  of  reference  4>  In  pitch,  at  the  smaller  spring  rate, 
the  criteria  for  Instrument  Flight  (IFB)  would  not  be  met.  This  trend  is  confirmed  by  pilot  opinion 
(section  6)  where  the  lateral  characteristics  were  preferred  to  the  longitudinal  ores  which  were  desoribed 
as  "ponderous"  at  the  lowest  control  sensitivity. 

3.3  Characteristics  in  Forward  Flight 

A  time  history  of  the  response  to  an  aft  longitudinal  control  displacement  at  80  kt  for  configuration 
7*5/545  is  given  in  fig.  4(c).  It  will  be  seen  that  the  rate  of  pitoh  rises  to  an  initial  "knee"  in  just 
under  a  second  and  thereafter  rises  at  a  uniform  but  lower  rate.  The  time  constant  of  the  motion  up  to  the 
initial  knee  is  similar  to  that  measured  in  the  Hover.  The  reason  for  the  continued  rise  is  not  explained 
on  the  simple  basis  of  feed  back  to  the  gyro  from  blade  thrust;  inplane  forces,  particularly  when  the 
blades  deflect  under  normal  acceleration,  are  fed  back  to  the  gyro  also  and  may  contribute  to  this  effect. 
It  is  hoped  to  include  an  assessment  of  these  effeots  in  the  final  report.  The  general  character  of  the 
response  did  not  change  up  to  a  speed  of  110  kts,  the  highest  speed  at  which  tests  were  made. 

The  responses  at  speed  in  the  other  configurations  tested,  in  terms  of  initial  acceleration  and  maximum 
rate,  were  essentially  similar  to  those  measured  in  the  hover  in  both  Fitch  and  roll.  The  helicopter 
could  be  flown  hands  off  for  quite  long  periods  of  time  in  all  configurations  tested,  the  limit  being 
set  by  the  lateral  -  directional  characteristics  of  mild  spiral  instability. 
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4.  COMPARISON  FLYING  WITH  THE  WESTLAND  RESEARCH  SCOUT 

The  Westland  Research  Scout  has  a  hingeless  rotor  and  was  flown  during  the  tests  at  a  nominal  weight 
of  5.000  lbs.  It  has  no  form  of  stability  augmentation.  The  blade  flapping  and  inplane  stiffnesses,  as 
indicated  by  the  corresponding  first  mode  frequencies,  are  compared  below  with  those  of  the  XB51  N«- 

Re search  Scout  2B2U5 

flap  l.oen  1.1  o 

inplane  0.64/0  1.4  "> 

A  feature  of  the  Research  Scout  is  the  low  inplane  stiffness,  resulting  in  a  natural  frequency  less  than 
the  fundamental  frequency  of  the  rotor.  The  XH51  N  is  much  stiffer  resulting  in  a  frequency  greater  than 
the  fundamental  and  more  than  twice  that  of  the  Research  Scout.  The  flapping  stiffnesses  are  reasonably 
similar.  One  of  the  features  claimed  for  the  Lockheed  gyro-controlled  rotor  is  a  reduction  of  blade  root 
bending  moments  due  to  gusts  (ref.  3)  by  virtue  of  the  attenuation  of  transient  flapping. 

The  main  object  of  the  comparative  flight  tests  was  to  compare  the  behaviour  of  the  aircraft  in  terms  of 
handling  and  blade  bending  moments.  The  aircraft  were  flown  in  loose  formation  at  a  height  of  approximately 
50  ft.  on  each  side  of  a  runway,  100  yards  wide;  thus  it  is  reasonable  to  assume  that  the  general  level  of 
turbulence  was  similar  for  each  aircraft.  The  pilots  were  briefed  to  fly  in  line  abreast  with  minimal 
station  keeping  activity.  The  length  of  the  runway  was  10,500  ft  and  runs  were  made  at  constant  speed  in 
each  direction.  At  the  end  of  each  pass  along  the  runway  a  tail  chase  was  flown,  including  tumB  and 
reversals  of  direction,  to  return  eventually  for  a  further  pass  in  formation  along  the  runway  in  the 
opposite  direction  at  the  same  speed.  The  role  of  lead  aircraft  was  ohanged  at  each  end  of  the  runway. 

The  tail  chase  was  included  to  subjeot  the  aircraft  as  far  as  possible  to  the  same  manoeuvres  so  that 
handling  and  blade  bending  moments  could  be  compared.  The  general  pattern  was  repeated  at  speeds  of 
70,  95  and  110  kt.  In  an  attempt  to  assess  the  effect  of  different  flying  techniques  the  pilots  were 
interchanged  for  one  sortie. 

The  flights  along  the  runway  were  made  at  low  level  ao  that  the  turbulence  would  be  of  the  type  associated 
with  wind  shear  at  the  surfaoe.  The  degree  of  turbulence  increases  with  the  wind  strength,  the  maximum 
during  the  tests  being  3*6  kt,  RMS  associated  with  a  mean  wind  speed  of  18  kt.  These  data  were  obtained 
from  an  instrumented  tower  at  a  height  of  50  ft,  but  at  a  distance  of  more  than  a  mile  from  the  runway; 
however  they  are  thought  to  be  reasonably  representative  of  conditions  at  the  runway.  The  aircraft  were 
available  together  for  one  week  only  and  unfortunately  during  this  time  the  wind  was  less  than  5  kt  for 
the  remainder  of  the  tests. 

The  selection  of  the  quantities  to  be  compared  was  influenced  by  the  noise,  definition  and  scaling  of  the 
various  trace  recordings  and,  in  the  event,  the  following  were  seleotedi- 

Longitudinal  stick  movement  ) 

Rate  of  pitoh  ) 

Flapwiae  bending  moment,  6  in. from  hub  ) 

Chordwise  bending  moment,  6  in. from  hub) 

Flapwiae  bending  moment,  9*5  in.  from  hub  ) 

Chordwise  bending  moment,  9.5  in. from  hub) 

The  quantification  of  pilots'  work  load  is  notoriously  difficult,  and  data  in  the  form  of  paper  trace 
records  are  not  amenable  to  sophistical  id  analysis  such  as  power  speotra  to  throw  light  on  the  ease  of 
handling  of  eaoh  aircraft.  A  method  of  presenting  the  results  has  been  used  which  has  the  merit  of 
simplicity  and  which  illustrates  pietcrially  certain  differences  between  the  aircraft  and  allows  some 
tentative  conclusions  to  be  drawn.  The  traces  of  longitudinal  stick  movemont  obtained  during  eaoh  pass 
along  the  runway  were  carefully  analysed  and  the  maximum  and  minimum  values  of  every  excursion  recorded. 

Tho  time  histories  of  cumulative  stick  movement  irrespective  of  direction  have  been  plotted  for  the 
duration  of  each  run  (figs.  7  and  9).  It  can  be  argued  that  the  elope  of  the  curve  defines  an  average 
level  of  'activity',  although  inspection  of  the  number  of  points  on  the  graph  is  also  necessary  to  dis¬ 
tinguish  between  small  amplitudes  at  high  frequency  and  larger  amplitudes  at  a  lower  frequency. 

It  will  be  seen  that  the  curves  begin  to  have  a  more  clearly  defined  slope  20  seconds  after  the  start  of 
each  run.  This  characteristic  is  almost  certainly  consequent  on  a  settling  down  period  at  the  start  of 
each  run  during  which  changes  in  activity  neoessary  to  control  the  relative  position  of  the  aircraft 
tended  to  occur.  (This  explanation  is  supported  by  pilot  opinion.)  In  order  to  eliminate  this  effect, 
only  events  after  the  initial  20  seconds  will  bo  considered  in  the  discussion  that  follows.  The  slope  of 
the  cumulative  stick  movement  is  greater  in  turbulence  than  in  calm  conditions  for  both  aircraft.  Each 
direction  of  pass  along  the  runway  is  plotted  separately  and  there  is  a  noticeable  difference  between 
directions  but  thi3  is  insufficient  to  mask  the  difference  due  to  turbulenoe.  The  corresponding  cumula¬ 
tive  rate  of  pitch  is  shorn  in  figs.  8,  10  and  a  similar  general  increase  in  slope  or  'activity'  is  again 
apparent  for  each  aircraft.  Here  the  activity  is  proportional  to  maximum  angular  acceleration,  but  the 
end  point  has  no  obvious  physical  significance.  Tho  slopes  of  the  curves  in  corresponding  conditions  are 
also  of  the  same  order  which  could  be  taken  to  indicate  that  both  aircraft  were  being  flown  with  gener¬ 
ally  similar  accuracy .  One  condition  for  this  to  be  true  is  that  the  form  factor  of  the  motion  is  the 
so no  for  each  aircraft  and  inspection  of  the  records  makes  this  appear  a  reasonable  assumption. 

The  curves  of  stick  displacement  do  not  have  any  direct  significance  unless  related  to  the  response  of 
the  aircraft,  and  so,  to  provide  some  measure  of  scaling,  the  longitudinal  control  characteristics  in 
tho  hover  are  compared  below :- 


Both  aircraft 
XH51  N 

Research  Scout 


65 
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Sensitivity  Damping 

rad/sec2/inch  seo-1 

XH51  N  0.29  1*8 

Research  Scout  0.32  1.8 


The  values  are  very  similar  and  it  is  surprising  to  see  (fig.  7*  9)  that  the  slope  of  the  cumulative  stick 
displacement  and  end  values  for  the  unstabilised  Research  Scout  are  noticeably  less  than  the  corresponding 
values  for  the  XH51  N.  A  possible  explanation  is  that  the  moveable  cockpit  and  the  bob-weight  on  the  stiok 
cause  a  degree  of  involuntary  control  activity.  This  is  supported  by  the  pilot  whose  subjective  impres¬ 
sion  was  that  no  control  movements  were  mod*  for  considerable  periods  during  the  runs. 

The  results  for  runs  at  a  higher  speed  (110  kt)  in  calm  conditions  are  given  in  figs.  11-14.  Lines 
representing  the  mean  slopes  from  the  previous  results  at  95  kt.  have  been  added  to  the  results  with  en 
origin  at  20  secs  to  eliminate  activity  due  to  positioning  at  the  start  of  the  runs.  It  will  be  3een 
that  the  increase  in  speed  of  15  kt.  causes  a  small  increase  in  cumulative  rate  of  pitch  for  both  aircraft 
und  is  accompanied  by  a  correspondingly  small  increase  in  control  activity  for  the  XH51  N.  For  the 
Research  Ocout,  however,  there  is  a  marked  increase  and  it  is  suggested  that  the  increase  is  indicative 
of  the  degradation  of  the  stability  characteristics  of  the  unetabilised  hingeless  rotor  at  the  higher 
speeds  largely  due  to  the  unstable  M,  derivative.  This  suggestion  is  corroborated  by  pilots'  assessment 
of  the  handling  of  the  Research  Scout  at  higher  speeds  when  an  increased  tendency  for  pitch  divergence 
and  sensitivity  to  turbulence  is  shown. 

5.  COMPARATIVE  BLADE  BENDING  MOMENTS 

The  analysis  of  the  blade  root  bending  moments  is  incomplete)  none  of  the  data  for  the  tail  chaseB 
and  only  a  small  part  of  those  for  the  level  runs  have  yet  been  examined.  The  initial  analyaia  is  taking 
the  form  of  reading  maximum  and  miniums  bending  moments,  onoe  per  rotor  revolution,  and  finding  the  over¬ 
all  means  and  the  means  and  standard  deviations  of  the  onoe-per-revolution  fluctuations.  In  the  results 
so  far  analysed  turbulence  bad  no  significant  effeot  on  either  the  mean  or  the  mean  of  the  first  harmonic 
variations  of  flapwise  and  chordwise  blade  root  bending  moments  for  either  aircraft.  It  was  thought  that 
the  standard  deviations  of  once-per-revolution  fluctuations  in  bending  moment  might  be  a  simple  way  of 
comparing  overall  scatter  and  unsteadiness.  The  initial  results  so  far  obtained  are  not  particularly 
conclusive.  There  appears  to  be  little  difference  in  the  standard  deviation  of  blade  root  bending  moments 
between  calm  and  turbulent  conditions  for  the  Research  Scout,  whilst  for  the  XH51  N  the  only  change  is  an 
unexpected  rise  in  the  standard  deviation  of  the  flapwise  once-per-revolution  bending  moments  in  turbul¬ 
ence,  but  no  change  in  the  standard  deviation  of  the  chordwise  bending  moments.  If  this  result  is 
confirmed  by  the  analysis  of  further  runs  it  muy  present  an  anomaly  since  one  would  expect  the  flapwise 
and  chordwise  momenta  to  be  related  through  the  action  of  Coriolis  forces.  The  increase  in  the  standard 
deviation  of  the  blade-root  flapwise  bending  moment  of  the  XH51  H  with  turbulence  (if  substantiated)  is 
unexpected  because  of  the  action  of  the  gyro  in  reducing  first  harmonic  flapping. 

6.  PILOT  OPINION  OF  THE  XH51  N 

During  the  trials,  a  toted  of  six  pilots  flew  the  XH51  N  eithor  as  firet  or  second  pilot.  Their 
comments  are  presented  with  minimum  editing  and  it  should  be  emphasised  that  they  refer  specifically  to 
an  experimental  research  helicopter  and  that,  although  the  basic  principle  has  been  retained,  this  unique 
control  system  hae  been  considerably  developed  in  later  designs  of  helicopters. 

The  pilots  were  unanimous  in  their  praise  for  the  apparent  attitude  stability  of  the  aircraft,  although 
the  two  project  pilots  (who  did  moat  of  the  flying)  commented  on  the  poor  spoed  stability.  This  was 
stated  to  be  worse  with  the  small  5,0  slug  ft2  gyro  which  is  consistent  with  the  zero  slope  of  stick- 
position-to-trim  with  speed  (fig.  3). 

Longitudinally  the  stick  was  generally  felt  to  be  rather  under  geared  in  the  basic  configuration  of 
7.5  slug  ft2  gyro  and  545  lb/in.  springs,  and  also  with  the  5.0  slug  ft2  gyro  and  364  lb/in.  springs. 
Changing  to  7.5  slug  ft2  gyro  and  364  lb/in.  springs  made  matters  worse.  The  word  'ponderous1  was  used 
to  describe  the  handling  in  this  condition.  Although  the  high-geared  configuration  of  5.0  slug  ft2 
gyro  and  545  lb/in.  springs  gave  better  low  speed  handling,  the  two  pilots  who  flew  in  this  configuration 
agreed  that  PIO  tendencies  were  present  around  and  above  90  kt.  in  turbulence.  The  bob-weight  and 
spring  (see  below)  was  thought  to  be  contributing  to  this. 

The  lateral  8tick  gearing  was  considered  to  be  generally  better  than  the  longitudinal,  ohunging  from 
slightly  under  geared  with  7.5  slug  ft2  gyro  and  364  lb/in.  springs,  through  "about  right"  for  7.5/545 
and  5*0/364,  to  somewhat  over  geared  with  5.0  alug  ft2  gyro  and  545  lb/in.  springs. 

Longitudinal  stick  force  gradients  were  thought  to  be  too  heavy  at  all  times.  Although  the  bob-weight 
and  spring  (provided  to  give  stiok  force  per  g)  was  thought  to  be  potentially  useful  in  forward  flight 
and  turns  all  pilots  agreed  that  the  force  gradient  had  been  set  too  high*  The  device  was  also  thought 
to  be  obtrusive  in  certain  flight  conditions,  notably  in  turbulence  both  at  high  speed  and  in  turns, 
during  collective  adjustments  at  the  hover,  and  (not  surprisingly)  when  trying  to  make  accurate  longi¬ 
tudinal  cyclic  step  inputs  as  part  of  the  test  programme. 

All  the  pilots  considered  the  collective  glaring  to  be  higher  than  usual,  although  all  pilots  except 
one  stated  that  they  adapted  to  it  readily  and  after  an  hour  or  so  found  it  no  longer  obtrusive. 


The  cyclic  control  was  agreed  to  behave  essentially  as  a  rate  demand  system  and  was  well  liked.  One 
pilot  made  the  point  that  the  effective  gearing  was  not  greatly  affected  by  forward  speed.  At  high  speed 
the  longitudinal  response  was  thought  to  be  complicated  by  vibratory  effects,  particularly  bottoming  of 
the  spring  cab.  One  projeot  pilot  commented  that,  once  1.5  g  was  exceeded  there  was  a  noticeable  pitch- 
up  tendency  at  the  higher  speeds. 
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All  pilots  commented  on  the  heavy  pedal  spring  forces,  the  inconvenience  of  the  electric  pedal  trimmer, 
and  the  marked  adverse  yaw  with  roll  control  application.  All  the  pilots  thought  the  pitch-roll  and  roll- 
pitch  cross  coupling  to  be  noticeable,  especially  near  the  hover.  All  pilots  except  one  considered  that 
co-ordinated  turns,  turn  entries,  and  roll  reversals  were  difficult  to  execute.  The  main  reasons  advanced 
were  the  cross  coupling,  adverse  yaw,  and  yaw  trim  problems,  although  the  bob-weight,  sprung  cab  bottoming 
and  sprung  cab  "shuffle"  were  also  blamed. 

Later  in  the  teat  the  two  pilots  most  familiar  with  the  aircraft  commented  that  at  high  speed  in  turbu¬ 
lence,  they  could  feel  a  slight  time  lag  between  incipient  pitch  divergences  and  (they  said)  the  gyro 
controling  and  stabilising  the  rotor. 

As  with  all  hingeless-rotor  helicopters,  the  XH51  N  cyclic  controls  must  be  centered  after  landing  (and 
also  for  start-up  and  take-off).  This  was  not  considered  to  present  any  piloting  problem,  but  all  of  the 
pilots  said  that  stick  position  indicators  were  essential  for  the  task. 

The  summary  of  the  pilot  comments  was  as  follows.  The  rate  demand  cyclic  control  and  apparent  attitude 
stability  were  well  liked,  although  the  lack  of  speed  stability  tended  to  be  less  satisfactory.  Stick 
forces  were  universally  considered  too  high,  and  the  high  speed  characteristics  were  spoilt  by  oxcessive 
vibration  and  side  effects  from  the  bob-weight  and  sprung  cabin.  The  turning  behaviour  was  affected  by 
the  same  3ide  effects  and  also  by  control  cross-coupling,  adverse  yaw  and  yew  trimmer  inadequacies. 

7.  CONCLUSIONS 

Flight  tests  of  several  combinations  of  gyro  inertia  .end  control  spi  'ngs  have  been  evaluated  on  the 
XH51  N  helicopter.  The  principal  changes  in  characteristics  are  control  sensitivity  and  rotor  damping  and 
the  degree  of  change  expected  on  theoretical  grounds  has  been  broadly  demonstrated.  Pilot  opinion  on  the 
various  configurations  has  been  assessed. 

Some  brief  comparative  flying  was  mude  in  company  with  the  V/estland  Research  Scout  which  has  a  hingeless 
rotor  but  no  auto3tabilisation  of  any  kind.  The  results  illustrate  some  differences  in  handling  but  the 
comparison  of  rotor  blade  bending  moments  from  results  so  far  analysed  is  inconclusive  with  regard  to  gust 
alleviation  properties  of  the  gyro  control. 
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INFLUENCE  OF  ELASTIC  COUPLING  EFFECTS  ON  THE 
HANDLING  QUALITIES  OF  A  HINGELESS  ROTOR  HELICOPTER4 

by 

G.  Reichert  and  H.  Huber 
Messerschmitt-Btilkow-Blohm  GmbH 
Ottobrunn,  Germany 

SUMMARY 

Stability  and  control  o£  a  helicopter  with  a  hingeless  rotor  system  is  mainly  in¬ 
fluenced  by  the  elastic  flapping  motion  of  the  rotor  blades.  On  a  rotor  with  torsionally 
flexible  blades  or  elasticity  in  the  control  system  there  can  be  additional  aeroelastic 
effects,  which  act  as  control  inputs  on  the  blades. 

After  a  short  description,  of  the  rotor  system  and  the  analytical  model,  the  paper 
discusses  the  reasons  and  the  influences  of  elastic  coupling  effects  on  the  stability  and 
control  behaviour  of  a  hingel' <s  rotor  helicopter.  There  are  effects  which  result  from 
the  aerodynamic  characterise ,s  and  from  the  chordwise  mass-distribution  on  the  blade. 
Additional  coupling  effects  result  from  flapping  and  inplane  deflections  out  of  the  pitch¬ 
ing  control  axis  similar  to  a  pitch-flap-lag-coupling.  Theoretical  results  are  compared 
with  flight  test  data. 

LIST  OF  SYMBOLS 

as  equivalent  hinge  offset 

cL  lift  coefficient  of  airfoil  section 

cM  pitching  moment  coefficient  of  airfoil  section 

cfl  equivalent  flapping  hinge  restraint 

c?  equivalent  lagging  hinge  restraint 

c0  torsional  stiffness 

ceE  control  system  ilexibility 

Dg  longitudinal  cyclic  pitch 

dA.C.  distance  of  aerodynamic  center  of  profile  section  from  leading  edge 
dC.G  distance  of  center  of  gravity  of  blade  section  from  leading  edge 
GW  gross  weight 

lyy  helicopter  moment  of  Inertia  about  yy-axis 
Mm  hubmoment  in  the  rotating  system 

Mb  flapwise  bending  moment  of  blade  root 

M(  inplane  bending  moment  at  blade  root 
M„x  control  pitching  moment 

Mg  pitching  moment  derivative  due  to  angle  of  attack 
M*  pitch  rate  damping  moment 

N  load  factor  in  maneuvers 

&PLL  alternating  pitch  link  load 

t  time 

tD  time  to  double  amplitude 

tjj  time  to  half  amplitude 

T  period 

V  air  speed 

fi  flapping  angle 

B^  precone  angle 

C  lead-lag  angle 

sweep  angle 

eE  torsional  deflection  of  control  system 
ec  blade  cyclic  pitch 

si  rotor  frequency 

u  natural  frequency 


+  The  studies  have  been  sponsored  in  part  by  the  Ministry  of  Defence  of  the  Federal 
Republic  of  Germany 


1.  INTRODUCTION 


In  research  and  development  much  work  is  done  in  order  to  increase  the  speed  and 
maneuver  range  and  to  improve  the  flight  characteristics  of  modern  helicopters.  With  in¬ 
crease  of  physical  understanding  and  improvement  of  technical  facilities  advanced  rotor 
designs  can  be  realized  nowadays.  Thus  in  recent  years,  the  hingeless  rotor  system  has 
been  favoured.  Figure  1  shows  the  helicopter  BO  105  with  flapwise  and  lagwise  rigidly 
attached  fiberglass  rotorblades  of  high  elasticity. 

Theoretical  and  experimental  work  over  about  ten  years  has  shown,  that  the  rigid 
rotor  system  offers  a  significant  improvement  of  handling  qualities  in  comparison  to  the 
articulated  rotor.  The  advantages  of  this  rotor  system  are  mainly  caused  by  the  flapping 
behaviour  of  the  elastic  fiberglass  rotorblades.  A  further  substantial  gain  in  flight 
characteristics  can  be  made  by  elastic  coupling  effects,  using  the  coupling  of  the  ela¬ 
stic  blade  deflections  in  flapping,  inplane  and  torsional  directions.  Regarding  the  mo¬ 
ment  capability  of  the  rigid  rotor  system,  high  efficiency  can  be  expected  for  such  blade 
integrated  control  systems. 

As  indicated  in  analytical  studies,  a  proper  design  of  blades  is  of  great  influen¬ 
ce  on  rotor  blade  dynamics,  resulting  in  marked  improvements  of  flight  characteristics  of 
the  helicopter.  In  general  these  elastic  coupling  effects  increase  with  decreasing  tor¬ 
sional  stiffness  of  the  blades  and  control  system. 


2.  SHORT  DESCRIPTION  OF  THE  RIGID  ROTOR  SYSTEM 

The  main  components  of  the  B&lkow  Rigid  Rotor  System  (Figure  2)  are  a  very  stiff 
hub  and  fiberglass  rotor  blades  of  high  elasticity.  There  are  no  flapping  and  no  lagging 
hinges,  the  blades  are  rigidly  attached  to  short  hub  arms.  The  feathering  axis  of  the 
blades  is  fixed  to  these  substantially  rigid  hub  arms  (1).  The  blade  motions  are  pitching 
at  the  root  and  bending  and  torsional  deflections. 

Compared  to  vn  articulated  rotor  this  design  causes  a  mechanical  simplification  and 
marked  improvements  in  handling  qualities  in  addition.  This  seems  to  be  highly  desirable 
for  modern  helicopters.  Theoretical  investigations  and  intensive  flight  test  programs  have 
shown  that  these  qualities  are  caused  by  the  high  moment  capability,  determined  by  the 
flapping  stiffness  of  the  rotor  system.  The  flapping  stiffness  is  best  characterized  by 
the  rotating  natural  frequency  of  the  blades  for  the  first  flapwise  mode.  In  the  BOlkow 
Rigid  Rotor  System  a  frequency  ratio  of  about  1.10  to  1.15  is  used. 

Research  and  development  program  was  started  in  1950  and  over  more  than  10  years 
experience  has  been  obtained  with  different  rotors  (Figure  3)  (1).  After  wind-tunnel  mo¬ 
del  tests  which  had  shown  favourable  results,  a  full  scale  rotor  was  built  and  ground 
tested.  The  first  flight  of  a  helicopter  with  the  BOlkow  rigid  rotor  was  done  in  coopera¬ 
tion  with  Sud  Aviation  by  equipping  an  Alouette  II  with  a  threebladed  rigid  rotor.  After 
a  phase  of  blade  tuning  with  reapect  to  stresses  and  vibrations,  the  first  flight  of 
BO  105  was  early  in  1967.  With  Increase  of  theoretical  understanding  and  with  more  ex¬ 
perience  the  rotor  systeii.  could  be  further  refined,  for  example  by  using  a  very  small 
rotor  head  of  titanium  with  a  somewhat  Increased  precone  angle.  On  this  rotor type  the 
symmetrical  NACA  0012-blades  were  finally  replaced  by  modified  blades  of  cambered  airfoil 
section,  which  resulted  in  improvements  of  performance  and  flight  characteristics. 

In  addition  a  rigid  rotor  system  with  BOlkow  fiberglass  blades  was  flight  tested 
on  the  SA  340  helicopter  at  Sud  Aviation  using  a  steel  rotor  head  and  symmetrical  blades 
(11). 


3.  MATHEMATICAL  MODELS  FOR  STABILITY  AND  CONTROL  STUDIES 

To  determine  the  properties  of  a  rigid  rotor  system  in  an  analytical  approach,  a 
system  is  to  be  used  which  simulates  the  aerodynamic  and  dynamic  behaviour  adequately. 
Similar  to  the  articulated  rotor,  the  dynamic  behaviour  of  the  rigid  rotor  system  is  main¬ 
ly  determined  by  the  flapping  behaviour  of  the  blades.  For  simple  studies,  it  can  be  assu¬ 
med  that  the  blades  have  flexibility  only  in  the  flapwise  direction  and  are  infinitely 
stiff  in  the  chordwise  and  torsional  directions.  In  Figure  4  the  main  features  of  such  a 
flapping  equivalent  system  are  shown.  In  fact,  it  is  a  conventional  hinged  blade  with 
spring  and  damper  at  the  hinge,  simulating  the  first  natural  mode  and  frequency  of  the 
real  blade.  A  question  may  arise  if  the  first  flapwise  bending  mode  only  will  be  suffici¬ 
ent  for  representing  the  hub  moments  produced  by  a  hingeless  rotor.  Studies  have  shown 
that  this  simple  equivalent  system  can  model  the  rotor  well  enough  for  stability  and  con¬ 
trol  calculations  up  to  medium  advance  ratios.  This  includes  extreme  flight  conditions 
with  high  rotor  loading,  such  as  gust  penetration  and  g-rtneuvers. 

In  Figure  5  tne  moment  distribution  over  blade  span  is  shown  for  a  typical  flight 
condition.  It  can  be  seen  that  the  moment  rises  mainly  in  the  very  stiff  parts  of  root 
section  and  rotor  hub.  It  seems  well  justified  to  represent  this  blade  configuration  by 
an  equivalent  system  using  an  equivalent  hinge  with  a  stiff  blade  (2;  3;  6).  Considering 
only  the  elastic  flapping  motion  of  the  blades,  it  is  assumed  that  there  are  no  aeroels- 
stic  couplings  of  other  blade  motions. 


A  more  refined  equivalent  system,  a*  shown  in  Figure  6,  is  an  extension  of  the 
pure  flapping  system  and  has  additional  degrees  of  freedom  in  chordwise  and  torsional 
directions  (8) .  This  model  includes 

-  control  system  flexibility 

-  blade  flapwise  bending  (first  mode) 

-  blade  inplane  bending  (first  mode) 

-  blade  twisting  (first  twisting  mode) . 

While  inplane  bending  of  the  blade  has  nearly  no  direct  Influence  on  flight  behaviour,  it 
may  effect  the  control  system  dynamics,  if  control  flexibility  is  considered.  Torsional 
elastic  motions  of  the  blades  are  included  as  they  act  as  control  inputs  and  can  thus  have 
an  influence  on  stability  and  control  characteristics.  Effects  of  different  positions  of 
the  aerodynamic  center,  the  elastic  axis  and  the  center  of  gravity  on  profile  section  as 
a  function  of  blade  span  can  be  calculated.  The  aerodynamic  model  of  the  rotor  is  based 
on  current  blade  element  theory  using  twodimensional  airfoil  data,  considering  stall,  re¬ 
verse  flow  ant  compressibility  effects.  The  mean  induced  velocity  is  calculated  by  momen¬ 
tum  theory  with  a  trapezoidal  distribution  in  forward  flight.  The  aerodynamic  forces  and 
the  dynamic  response  of  the  rotor  blades  are  obtained  by  an  azimuthal  step  by  step  compu¬ 
tation,  solving  the  equations  of  motion  numerically.  Variable  rpm  can  be  included. 

This  aeroelastic  rotor  theory  is  the  basis  for  all  flight  dynamics  studies.  It  is 
completed  by  an  analytical  representation  of  the  entire  aircraft,  including  tailrotor, 
wing,  tall  planes  and  auxiliary  thrust  engines  (4).  A  first  step  in  all  calculations  is  a 
trimming  run,  producing  the  proper  control  inputs  on  the  rotors  and  the  other  trim  condi¬ 
tions.  The  program  is  also  used  to  find  the  stability  derivatives  of  the  entire  aircraft 
as  well  as  to  calculate  the  dynamic  response  in  maneuvers,  gust  conditions  and  engine 
failures  by  a  step  by  step  computation. 

A  somewhat  modified  analytical  model  is  shown  in  Figure  7,  which  includes  the 
flappit  3  and  inplane  motions  of  the  individual  blades  and  rotor  support  flexibility  (5) . 
This  complete  rotor-pylon  equivalent  system  is  used  for  predicting  more  exactly  the  stea¬ 
dy  and  vibratory  forces  ar.d  moments  acting  on  the  rotor  system.  Further  possible  instabi¬ 
lities  influenced  by  the  coupling  of  the  various  blades  of  the  rotor  are  investigated  with 
this  system  (9) . 

Three  different  types  of  analytical  rotor  models  have  been  described  above.  In  ge¬ 
neral,  more  degrees  of  freedom  result  in  an  additional  complexity  of  the  theory  and  in  in¬ 
creasing  computing  times.  Therefore,  in  all  analytical  studies  the  necessity  of  the  in¬ 
dividual  degrees  of  freedom  should  be  examined. 

As  mentioned  before,  the  analytical  method  used  for  stability  and  control  studies 
shows  good  correlation  between  theory  and  flight  test  results  (6;  7).  Figure  8  illustra¬ 
tes  a  comparison  between  measured  and  calculated  hubmoment  and  root  bending  moments  for 
a  forward  flight  condition.  The  moments  are  shown  as  a  function  of  rotor  azimuth  angle. 
There  is  good  correlation  for  the  low  harmonic  components.  As  the  elastic  blade  is  re¬ 
presented  by  a  hinged  equivalent  blade  simulating  only  first  harmonic  behaviour,  no  bet¬ 
ter  prediction  of  higher  harmonics  can  be  expected.  Figure  9  presents  maneuver  loads  in 
forward  flight  (u  «  .25)  as  a  function  of  load  factor.  The  longitudinal  stick  position, 
the  mean  flapwise  bending  moment  due  to  increasing  blade  loads,  the  decreasing  inplane 
moment  due  to  constant  collective  setting  and  the  alternating  blade  root  moments  are 
illustrated.  The  relatively  good  correlation  between  theory  and  test  data  allows  the  con¬ 
clusion  that  analytical  models,  as  described  before,  will  be  well  suited  for  theoretical 
studies. 


4.  FLIGHT  CHARACTERISTICS  AS  A  FUNCTION  OF  FLAPPING  FLEXIBILITY  AND  TORSIONAL  COUPLING 
EFFECTS 

High  Moment  Capability 

Numerous  investigations  of  the  rigid  rotor  have  shown  that  all  flight  characteri¬ 
stics  are  determined  by  the  outstanding  moment  capacity  (6;  7;  8).  The  reason  for  this 
high  moment  is  the  high  stiffness  of  the  rotorhub  and  the  blade  root,  or  -  in  terms  of 
the  equivalent  system  -  the  virtual  flapping  hinge  offset  of  about  15%  of  rotor  radius, 
which  is  a  long  moment  arm  for  the  aerodynamic  shear  forces. 

Figure  10  illustrates  this  moment  capacity  in  comparison  to  an  articulated  rotor. 
The  dynamic  flapping  response  of  one  blade  and  the  resultant  hub  moment  built  up  from  all 
four  blades  due  to  a  cyclic  step  input  are  plotted  over  the  time.  In  this  case,  the  heli¬ 
copter  is  assumed  to  be  fixed  on  the  ground  unable  to  follow  the  control  moment.  The 
coupled  blade-pylon  system  (Figure  7)  is  used,  considering  each  blade  separately.  Nearly 
no  difference  can  be  observed  between  articulated  and  elastic  flapping  response,  but 
there  is  a  pronounced  difference  in  the  resultant  moments.  The  records  show  that  the  mag¬ 
nitude  of  final  moment  of  the  articulated  rotor  is  reached  in  less  than  1/5  of  time  with 
the  rigid  rotor  and  the  final  moment  of  this  rotor  type  is  a  multiple  of  the  value  of  the 
normal  rotor.  This  outstanding  cortrol  efficiency  proves  to  be  the  most  important  advan¬ 
tage  of  the  rigid  rotor  system. 
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The  flight  behaviour  of  this  system  is  ..ainly  influenced  by  the  elastic  flapping 
motion  of  the  rotor  blades.  If  there  is  torsional  flexibility  in  the  blade  or  elasticity 
in  the  control  system,  elastic  pitching  motions  can  be  produced  acting  as  additional  con¬ 
trol  inputs  to  the  blades.  Considering  the  moment  capability,  a  high  efficiency  on  dynamic 
behaviour  of  the  rotor  can  be  expected.  The  rotor  will  be  sensitive  as  well  to  all  para¬ 
meters  influencing  blade  flapping  such  as  the  aerodynamic  characteristics  of  the  blade 
for  instance. 


Influence  cf  Aerodynamic  Blade  Characteristics 

Flight  tests  of  the  BO  10S  with  modified  rotor  blades  have  shown  that  the  flight 
characteristics  of  a  rigid  rotor  helicopter  are  influenced  by  the  blade  airfoil  section. 
Theoretical  studies  of  these  phenomena  have  indicated  that  the  improvements  especially 
of  performance  and  stability  are,  in  general,  effects  of  the  different  aerodynamic  charac¬ 
teristics  of  the  airfoil  section  in  combination  with  elastic  effects  of  the  torsionally 
flexible  blades.  In  this  respect  the  most  important  characteristics  proved  to  be 

-  the  section  maximum  lift  coefficient 

-  the  section  lift  curve  slope 

-  the  slope  of  pitching  moment  coefficient, 
i.e.  the  a. c. -position  of  profile  section. 

First,  effects  resulting  from  maximum  lift  behaviour  will  be  regarded  only  with 
respect  to  performance,  as  dynamic  stall  problems  will  not  be  considered  here.  Figure  11 
shows  a  comparison  of  measured  pitch  link  loads  received  with  symmetrical  profile  section 
and  a  cambered  airfoil  section.  There  is  a  reduction  of  loads  over  the  whole  speed  range, 
caused  by  a  zero-moment  shift  of  the  nonsymmetric  airfoil.  As  a  still  more  important 
effect,  a  decrease  of  alternating  pitch  link  loads  is  obtained  in  maneuver  flight  due  to 
a  more  favourable  stall  behaviour  of  the  cambered  airfoil  section.  Additional  effects  re¬ 
sulting  from  increased  stall  limits  are  shown  in  Figure  12.  With  all  types  of  rotors, 
longitudinal  cyclic  pitch  to  trim  g-maneuverrs  is  affected  by  the  lift  characteristics  of 
its  profile  section.  When  essential  parts  of  the  retreating  blade  come  up  to  their  maxi¬ 
mum  lift  coefficients,  the  lift  of  the  advancing  blade  will  be  limited  as  well  by  trim 
conditions.  This  results  in  an  increase  of  longitudinal  forward  stick  position,  i.e.  an 
unstable  stick  travel  over  g.  It  can  be  seen  in  Figure  12  that  this  instability  can  be 
postponed  by  using  unsymmetric  profile  section  resulting  in  a  general  increase  of  possib¬ 
le  g-range.  These  effects  have  been  proved  by  trim  calculations,  the  results  of  which 
are  in  good  agreement  with  experimental  data. 

As  is  well  known,  the  most  important  influence  on  the  dynamic  stability  of  a  heli¬ 
copter  in  forward  flight  is  represented  by  the  static  stability  due  to  angle  of  attack 
(pitching)  (6).  in  this  respect  all  rotors  are  more  or  less  unstable,  depending  on  the 
flapping  frequency  of  their  blades.  Studies  have  shown,  that  a  somewhat  flattened  lift 
curve  slope  will  produce  a  less  destabilizing  hub  moment  due  to  angle  of  attack  and  thus 
will  improve  the  dynamic  stability. 

Experimental  data  are  available  indicating  the  influence  of  blade  modifications  on 
the  inherent  dynamic  stability.  Figure  13  shows  the  stability  values  (stick  fixed)  of  the 
BO  105  for  longitudinal  motion  over  flight  speed.  It  iB  indicated  by  calculation  and  by 
flight  test  data  that  significant  improvements  in  dynamic  flight  behaviour  can  be  obtained 
wit),  blades  of  cambered  airfoil  section.  In  the  speed  range  of  100  knots,  for  example,  the 
time  to  double  amplitude  is  increased  from  4  sec  to  about  10  or  20  sec.  The  scatter  of 
experimental  data  includes  different  cases  of  gross  weight,  c.g. -position  and  altitude, 
all  parameters  which  influence  the  dynamic  stability  of  a  helicopter.  It  should  be  noted, 
that  the  blade  modification  included  small  changes  in  the  dynamic  characteristics  in  addi¬ 
tion,  resulting  in  stabilizing  aeroelastic  effects. 

In  addition  to  the  lift  characteristics  the  pitching  moment  characteristics  of  the 
profile  section  are  of  great  importance.  Shifting  the  aerodynamic  center  of  an  airfoil 
will  result  in  a  change  of  moment  curve  slope.  Considering  a  torsionally  flexible  blade, 
positive  (rearward)  a.c.  offset  is  stabilizing,  because  the  effective  pitch  angle  of  the 
blade  is  reduced,  whon  lift  is  increased.  If  there  is  sufficient  flexibility,  the  elastic 
deformations  act  as  substantial  control  inputs  (8). 

In  Figure  14  control  power  and  damping  of  helicopter  pitching  are  presented  as  a 
function  of  a.c. -position  on  airfoil  section.  For  better  illustration  both  characteristics 
are  shown  in  relation  to  neutral  a.c. -position.  Rearward  positions  result  in  a  decrease  of 
control  power,  while  rotor  damping  is  increased.  This  proves  to  be  a  characteristic  fea¬ 
ture  of  torsional  elastic  coupling  effects,  and  it  is  indicated  that  the  effects  are  more 
pronounced  if  torsional  stiffness  of  blade  is  reduced.  To  obtain  a  more  direct  relation  of 
the  two  effects  consider  the  diagram  of  control  characteristics  (Figure  15) .  For  satisfac¬ 
tory  control  behaviour  a  definite  correlation  should  exist  between  control  power  and  damp¬ 
ing.  The  recommendations  for  armed  helicopters  (9)  seem  to  apply  to  modern  helicopters. 
This  range  can  be  well  obtained  with  rigid  rotor  systems,  and  it  seems  to  be  quite  favour¬ 
able  that  this  range  can  be  enlarged  by  aeroelastic  effects.  In  this  respect  the  increase 
of  damping  is  the  mote  important  effect.  The  slight  decrease  of  control  power  nearly  is  in¬ 
significant  at  a  rigid  rotor  system  and  can  be  compensated  by  change  of  control  ratio,  if 
necessary. 
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Similar  to  the  control  characteristics,  the  stability  behaviour  of  a  helicopter 
will  be  influenced  by  aeroelastic  effects.  Figure  16  shows  some  results  of  a  study,  illu¬ 
strating  longitudinal  dynamic  stability  of  the  BO  105  at  a  medium  flight  speed  of  100  kts. 
The  results  are  shown  as  a  function  of  a.c.  offset  from  quarter  chord.  Starting  from 
tD  *  6  sec  at  neutral  position,  significant  improvements  and  even  stable  conditions  can 
be  obtained  by  rearward  a.c.  position.  These  effects  are  again  depending  on  the  torsional 
flexibility  of  the  blade,  lower  stiffness  being  more  effective.  As' is  shown  in  Figure  13, 
a  decrease  of  stick  fixed  longitudinal  stability  is  typical  for  rigid  rotors  at  higher 
flight  speeds.  Earlier  studies  indicated  that  more  stable  conditions  can  be  obtained  by 
larger  stabilizer  areas ,  which  however  result  in  increasing  rotor  loads  (6) .  Figure  17 
shows  that  equivalent  stabilizing  effects  can  be  obtained  by  aeroelastic  couplings,  post¬ 
poning  unstable  conditions  to  higher  flight  speeds.  Considering  the  normal  torsional  fle¬ 
xibility  or'  the  BO  105  fiberglass  blades,  the  "speed  of  equivalent  stability"  is  increa¬ 
sed  by  about  60  knots  in  the  high  speed  range  with  a.c.  of  blades  rearward.  It  is  indi¬ 
cated  by  these  results  that  aerodynamic  design  work  on  blade  section  will  be  worthwile, 
especially  for  a  hingeless  rotor. 


Effects  of  Chordwise  Mass-Distribution 

An  analysis  of  the  torsional  equation  of  motion  indicates  that  the  torsion  of  ro¬ 
tor  blades  is  strongly  influenced  by  chordwise  mass-distribution.  It  can  be  shown  that 
both  inertia  forces  and  centrifugal  forces  can  produce  nose-up  and  nose-down  moments, 
depending  on  blade  position  in  relation  to  the  plane  of  rotation.  Considering  a  blade 
with  c.g.  shifted  toward  leading  edge,  centrifugal  forces  will  produce  a  nose-down  twist, 
if  blade  bending  is  upwards.  The  amount  of  twist  is  proportional  to  the  blade  deflection. 
This  means  that  a  strong  coupling  of  flapwise  bending  and  torsion  of  the  blade  exists, 
when  the  blade  is  unbalanced  in  chordwise  direction.  In  fact,  this  is  a  blade  integrated 
feedback  system. 

In  order  to  give  a  first  impression  of  its  efficiency,  the  dynamic  blade  response 
to  a  discrete  gust  is  shown  in  Figure  18.  The  rotor  was  trimmed  at  100  kts  and  enters  a 
35  fps  sine-squared  vertical  gust.  The  figure  shows  the  elastic  deflection  of  the  blade 
tip,  as  an  observer  at  the  hubcenter  would  see  it,  when  looking  toward  the  blade  tip  and 
rotating  with  the  blade.  There  is  a  strong  difference  in  blade  response  between  the  bla¬ 
des  with  c.g.  at  30t,  25%  and  201  of  blade  chord. 

In  order  to  determine  the  effects  on  maneuvering  and  stability  qualities  of  the 
helicopter,  a  variation  of  c.g.  position  fore  and  aft  of  torsional  elastic  axis  was  con¬ 
ducted.  To  show  the  benefits  of  the  rigid  rotor  in  applying  elastic  feedback  systems, 
analysis  was  carried  out  for  an  articulated  rotor  too.  The  effects  of  blade  c.g.  position 
on  control  behaviour  are  indicated  in  the  control-damping  diagram  of  Figure  19.  In  con¬ 
trast  to  a.c.  effects,  increasing  pitch  damping  is  now  obtained  with  forward  shift  of 
c.g..  It  should  be  noted  that  the  same  improvements  in  flight  behaviour  can  be  obtained 
whether  c.g.  or  a.c.  of  the  blade  is  changed.  Thus  the  relative  offset  is  the  determina¬ 
tive  parameter. 

A  general  overview  should  consider  secondary  effects  too.  A  decreasing  phase  angle 
between  blade  control  and  flapping  response  is  caused  by  a  c.g.  forward  position,  resul¬ 
ting  in  more  crosscoupling  effects.  For  instance,  with  c.g.  at  20%  of  chord  the  control 
phase  is  reduced  by  about  10  degrees,  while  the  flapping  response  due  to  a  nose-up  pit¬ 
ching  motion  is  increasing  from  5  degrees  to  about  20  degrees  nose  right.  This  is  only  a 
slight  longitudinal-lateral  coupling  and  will  not  Influence  the  flight  behaviour  as  a 
whole . 


As  we  have  seen,  chordwise  overbalancing  of  the  blade  reduces  the  flapping  respon¬ 
se  to  all  disturbances.  If  there  is  sufficient  torsional  flexibility  in  the  blade,  this 
can  be  a  highly  stabilizing  effect.  Figure  20  shows  the  pitching  moment  derivative  due  to 
angle  of  attack  for  the  isolated  rotor  and  for  the  total  helicopter,  including  rotor, 
fuselage  and  horizontal  stabilizer.  Shifting  the  c.g.  forward  by  about  51,  the  rotor  in¬ 
stability  is  reduced  to  about  50%,  resulting  in  a  neutral  angle  of  attack  stability  of 
the  helicopter.  It  is  interesting  to  note  that  there  are  only  small  stabilizing  effects 
with  an  articulated  rotor.  The  reason  is  the  low  moment  capability  of  this  rotortype, 
which  makes  it  nearly  Insensible  to  all  small  control  inputs  in  general  and  especially 
to  the  small  elastic  Inputs. 

Regarding  the  stabilizing  effects  of  favourable  c.g.  position  in  static  stability 
and  damping,  an  essential  improvement  of  dynamic  stability  can  be  expected  for  the  rigid 
rotor.  Figure  21  shows  the  stability  values  of  the  BO  105  at  medium  flight  speed.  A  corre¬ 
sponding  picture  has  been  shown  at  a.c.  variation  in  the  foregoing  chapter  (Figure  16). 

The  c.g.  position  of  the  blades  is  very  effective,  stable  conditions  will  be  obtained  at 
about  20%  position.  Normal  torsional  flexibility  of  the  BO  105  blades  is  considered  in 
this  case.  Therefore,  these  seem  to  be  remarkable  improvements.  For  comparison,  the  corre¬ 
sponding  values  of  a  helicopter  with  an  articulated  rotor  and  a  small  horizontal  stabili¬ 
zer  are  shown  in  this  figure.  It  must  be  noted  that  its  basic  dynamic  stability  is  better, 
but  there  is  nearly  no  effect  with  change  of  blade  c.g.  position. 

Further  Investigations  were  done  for  the  rigid  rotor  to  examine  these  coupling  ef¬ 
fects  in  more  detail.  As  they  are  mainly  produced  by  centrifugal  forces,  c.g.  shifts 
proved  to  be  more  effective  at  blade  sections  toward  blade  tip.  Also,  positive  results 
can  be  achieved  by  adding  concentrated  weights  to  blade  leading  edge.  For  example,  by 
adding  a  4-pound  weight  on  leading  edge  at  0.7  R  spanwise  position,  dynamic  stability 


will  improve  from  to  ■  6  sec  to  20  sec  at  a  100  knots  flight  speed. 

It  is  quite  evident,  that  decreased  flapping  response  by  means  of  blade  control  is 
equivalent  to  a  reduction  of  rotor  blade  and  hub  bending  stresses.  This  will  be  illustra¬ 
ted  by  gust  loads  in  Figure  22,  where  alternating  bending  moments  at  the  blade  root  in 
flapwise  and  inplane  direction  are  shown.  For  this  diagram  it  is  assumed,  that  the  air¬ 
craft  will  not  change  its  attitude  with  the  gust,  i.e.  the  increment  of  rotor  moment  and 
blade  loads  by  pitching  upward  of  the  helicopter  is  not  considered  here.  As  the  pitching 
up  tendency  of  the  rotor  is  increased  with  aft  c.g.  position  on  blade  (Figure  20),  the 
differences  would  be  still  more  significant.  It  should  be  noted  that  alternating  moments 
in  steady  flight  conditions,  which  are  mainly  first  rotor-harmonic  loads,  are  nearly  not 
affected  by  blade  design.  The  elastic  effects  are  compensated  in  this  case  by  somewhat 
different  control  inputs,  especially  in  collective  and  longitudinal  cyclic,  in  order  to 
obtain  the  trim  conditions.  It  seems  to  be  an  important  conclusion  of  these  investigations, 
that  in  addition  to  the  improvements  of  flight  characteristics  a  strong  reduction  of  blade 
bending  stresses  can  be  achieved.  This  will  result  in  an  increase  of  the  fatigue  life  of 
blades  and  rotorhead. 


Elastic  Pitch-Flap-Lag  Coupling  Effects 

At  the  Bttlkow  Rigid  Rotor  System  the  feathering  axis  of  the  elastic  blades  is  fixed 
in  a  very  stiff  hubarm  (1).  As  mentioned  before,  all  blade  motions,  except  of  control  in¬ 
put,  are  due  to  elastic  bending  and  torsion.  By  means  of  these  deflections  out  of  pitch 
axis,  moment  arms  for  the  aerodynamic  and  inertia  forces  are  produced.  Thus  the  blade  sy¬ 
stem  will  be  subjected  to  elastic  pitch-flap-lag  coupling,  when  control  system  flexibility 
is  present.  The  physical  principle  is  illustrated  in  Figure  23.  The  forces  acting  on  a 
blade  element  can  be  replaced  by  the  spring-moments  at  the  equivalent  hinges,  resulting 
in  the  simplified  relation,  as  shown  in  the  figure.  It  is  indicated  that  control  system 
dynamics  are  influenced  by  flapping  (B)  and  inplane  motion  (c)«  The  characteristics  of 
the  coupling  effects  depend  on  flapping,  inplane  and  control  stiffness.  As  inplane  root 
stiffness  is  normally  higher  than  flapping  stiffness,  the  coupling  factor  in  the  simpli¬ 
fied  relation  gets  positive.  For  example,  when  the  blade  is  coned  up  over  the  feathering 
axis,  a  forward  inplane  deflection  produces  a  feathering  moment,  which  causes  the  blade 
to  pitch  down. 

Numerous  investigations  were  done,  to  examine  the  physical  basis  of  these  couplings 
and  their  Influence  on  handling  qualities  of  a  helicopter.  All  parameters  were  included, 
which  influence  the  flapping  and  inplane  motion.  These  are  mainly  precone  angle,  blade 
sweep,  blade  flapping  and  inplane  natural  frequencies,  lag  damping  and  control  system 
flexibility.  The  studies  have  shown  that  nearly  all  effects  are  similar  to  (3-effects. 

Its  physical  attribute  is  an  "aerodynamic  spring”,  which  Influences  flapping  frequency 
and  thus  the  amplification  factor  between  control  input  and  flapping  response.  In  gene¬ 
ral,  these  effects  result  in  decreasing  flapping  with  both  positive  and  negative  coupling, 
showing  a  maximum  at  a  definitive  factor  (11). 

The  main  effects  of  a  positive  coupling  are:  improvement  of  static  and  dynamic  sta¬ 
bility,  reduction  of  control  power  and  damping.  Some  results  are  plotted  in  Figure  24, 
showing  the  angle  of  attack  stability  and  the  pitch  damping  moment  of  the  isolated  rotor 
in  forward  flight.  The  destabilizing  moments,  increasing  with  speed,  can  be  reduced,  for 
example,  by  rearward  blade  sweep  angle.  Because  pitch  damping  is  reduced  too,  as  shown  in 
the  right  plot,  only  slight  improvements  of  dynamic  stability  can  be  obtained  by  these 
effects.  This  is  characteristical  for  (3-coupling.  Similar  results  were  obtained  by  in¬ 
crease  of  precone  angle  or  by  a  reduction  of  inplane  natural  frequency,  for  instance.  It 
should  be  noted  that  some  of  these  effects  could  be  proved  during  the  development  program 
of  the  BO  105  helicopter  and  the  Sud  Aviation  SA-340  helicopter  with  the  hingeless  rotor. 
Improvements  of  maneuver  characteristics  and  dynamic  stability  were  obtained  by  corrective 
actions,  such  as  increase  of  precone  and  forward  shift  of  blade  c.g.  (8;  10). 

Finally,  the  possible  range  of  improvements  in  flight  behaviour  due  to  aeroelastic 
coupling  effects  is  illustrated  for  the  control  characteristics  (Figure  25) .  Increasing 
flappinq  stiffness  of  the  blades  leads  to  an  Increase  of  damping  and  control  power  of  the 
rotor;  elastic  effects  from  pitch-flap-lag-coupling  will  change  the  characteristics  in 
the  opposite  direction.  In  contrast,  varying  the  c.g.-a.c.  offset  of  the  blades  will  re¬ 
sult  in  an  increase  of  damping  with  decrease  of  control  power.  The  slope  of  this  relation¬ 
ship  is  perpendicular  to  the  slope  of  the  change  of  stiffness.  This  basic  effect  results 
in  a  possibility  of  a  wide  range  for  damping  and  control  power  combinations  for  rigid  ro¬ 
tor  helicopters  with  proper  design. 


5.  CONCLUDING  REMARKS 

Experience  with  the  hingeless  rotor  has  indicated  that  the  capability  to  produce 
high  moments  is  the  main  feature  of  this  rotor  system.  The  Bttlkow  system  with  its  fixed 
control  axes  and  the  fiberglass  blades  of  high  elasticity  offers  in  addition  the  possi¬ 
bility  to  utilize  aeroelastic  coupling  effects,  which  are  highly  efficient  because  of 
the  moment  capacity.  Theoretical  studies  and  flight  test  data  have  shown  the  following 
results: 

The  flight  characteristics  of  a  rigid  rotor  helicopter  are  strongly  influenced  by 
the  aerodynamic  characteristics  of  the  blade  profile  section.  While  increased  maximum 
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lift  coefficient  causes  mainly  an  extension  of  maneuver -range  and  a  reduction  of  loads 
and  vibrations,  the  pitching  moment  characteristics  of  the  blade  are  of  influence  on  con¬ 
trol  and  stability  behaviour.  Shifting  the  a.c.  of  torsional  flexible  blades  rearward 
will  result  in  an  increase  of  rotor  damping.  Improved  static  and  dynamic  stability  with 
only  slightly  reduced  control  power. 

The  same  effects  can  be  obtained  by  chordwise  overbalance  of  the  blade,  i.e.  a 
c.g.  shift  toward  the  leading  edge.  Stabilizing  effects  can  be  reached  in  rotor  damping 
and  static  stability  and  thereby  in  Inherent  longitudinal  stability,  while  control  power 
is  somewhat  reduced  again.  Besides  of  this,  a  reduction  of  blade  bending  stresses  can  be 
obtained,  ref  'tting  in  an  increase  of  fatigue  life  for  blades  and  rotorhead. 

Additional  coupling  effects  are  caused  by  the  blades  flapping  and  inplane  deflec¬ 
tions  out  of  the  pitching  axis.  If  there  is  torsional  flexibility  in  the  control  system 
or  in  the  blade  root  section,  these  83-similar  effects  can  improve  the  static  and  dynamic 
stability,  while  control  and  damping  moments  are  reduced.  Coning  and  sweep  angle,  as  well 
as  inplane  stiffness  of  the  blade  are  active  parameters  in  this  respect. 

Because  of  these  aeroelastic  coupling  effects  and  their  dependence  on  the  specific 
moment  reaction  to  any  kind  of  control  inputs,  the  hingeless  rotor  system  with  its  high 
moment  capability  is  well  suited  to  tuned  elasticity-control-systems.  In  general,  the 
effects  increase  with  decreasing  torsional  stiffness  of  blades  and/or  control  system.  In 
respect  of  applying  elastic  blade  integrated  feedback  systems,  the  fiberglass  technique 
in  blade  design  proves  to  be  most  advantageous.  The  BO  105  rotor  blades  can  be  modified 
to  include  any  desirable  characteristics  which  can  be  obtained  through  Incorporation  of 
the  effects  discussed  in  this  paper. 
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1.  SUMMARY 

This  paper  summarises  the  flight  test  experience  gained  during  the  basic  clearance  of  a  Westland 
Scout  helicopter  fitted  with  a  reduced  scale  version  of  the  hingeless  rouor  system  designed  for  the 
Westland  W.G.13  Lynx  helicopter  presently  under  development  for  the  British  Army  and  the  British  and  French 
Navies.  The  basic  clearance  was  aimed  at  producing  an  aircraft  with  sufficient  capability  to  embark  upon 
a  series  of  research  tasks  and  as  such  was  devoted  to  investigating  the  airworthiness  and  haHlirg  0f  the 
aircraft  broadly  within  the  limit  of  the  flight  envelope  of  the  standard  production  Scout  fitted  with  an 
articulated  rotor.  Provided  that  these  limits  could  be  approached  reasonably  closely  it  was  considered 
that  the  aircraft  would  be  adequate  for  its  research  tasks.  The  paper  concludes  with  a  statement  of  the 
present  status  of  flight  testing  of  the  Lynx  helicopter. 

2.  INTRODUCTION 

Approximately  4  years  ago,  the  decision  was  made  to  employ  a  "soft"  in-plane  hingeless  rotor  system 
on  the  Westland  W.G.13,  subsequently  named  the  Lynx.  This  decision  was  made  following  a  short  but  inten¬ 
sive  study  of  seven  rotor  systems  by  a  Westland/S.N.I.A.S.  study  group.  A  fundamental  design  aim  of  the 
Westland  Lynx  is  simplicity  and  ease  of  maintenance,  and  it  was  these  aspects  which  played  an  important 
part  in  the  final  ohoice.  Any  resulting  erhanced  flying  qualities  were  to  be  regarded  as  a  bonus,  and  in 
fact  strenuous  design  efforts  were  made  during  the  conceptual  and  detail  design  phases  to  depart  from  the 
behaviour  of  the  conventional  offset  hinge  articulated  rotor  as  little  as  possible.  This  attempt  was 
centred  upon  two  main  features.  These  were  (i)  the  minimisation  of  the  control  power  as  expressed  by  the 
head  moment  generated  per  degree  of  applied  cyclic  pitch  and  (ii)  the  reduction  of  feathering  moment  feed¬ 
back  due  to  structural  coupling  between  flap,  lag  and  torsional  motions,  and  the  feathering  moments  due  to 
the  offsets  of  the  lift  and  drag  forces  from  the  feathering  hinge  axis. 

This  basic  philosophy  led  to  the  concept  of  rotor  system  shown  in  Fig.l .  The  main  root  flapwise 
flexibility  is  provided  by  a  tapered  planform  titanium  element  of  elliptical  cross-section  (the  "cutlet") 
designed  to  provide  maximum  flexibility  for  constant  stress  under  the  applied  flapwise  and  lagwise  design 
vibratory  bending  moments.  Tne  feathering  hinge  assembly  uses  conventional  needle  roller  bearings,  and 
Beriix  tension-torsion  bars  to  transmit  the  oentrifugal  loads.  The  feathering  hinge  bearings  are  quite 
modostly  loaded,  since  the  hinge  is  positioned  just  outboard  of  the  region  of  steeply  increasing  flapwise 
and  lagwise  steady  and  vibratory  bending  moment.  (See  Fig.  2)  The  flexible  head  element  which  provides 
the  major  lagwise  flexibility  (the  "dog-bone")  controlling  the  fundamental  lag  natural  frequency  is  posi¬ 
tioned  between  the  feathering  hinge  and  the  blade  root,  and  is  a  titanium  component  of  circular  cross- 
section  and  slightly  tapered  along  its  length.  It  is  manufactured  integrally  with  the  outer  sleeve  of  the 
feathering  hinge.  Provision  is  made  on  the  Lynx  for  blade  folding  at  the  2-pin  blade  root  attachment. 

Tne  relative  contributions  to  the  total  tip  deflection  in  fundamental  rotating  flapwise  and  lagwise  mode 
shapes  of  the  main  components  of  the  rotor  (the  "cutlet",  feathering  hinge,  "dog-bone"  and  blade)  are  shown 
in  Fig.  3>  which  indicates  the  worthwhile  reduction  obtained  in  blade  axis  displacements  away  from  the 
feathering  hinge  axis.  However,  some  deflection  is  inevitable,  and  the  adverse  effects  of  their  influence 
on  feathering  moments  have  been  minimised  by  the  adoption  of  the  circular  cross-section  dog-bone  which 
confers  a  very  good  degree  of  "matched  stiffness"  of  the  rotor  system  outboard  of  the  feathering  hinge. 

As  a  further  attempt  to  minimise  the  unwanted  feathering  moments,  c  reasonably  high  value  of  torsional 
stiffness  of  the  blade  and  control  circuit  between  the  feathering  hinge  and  the  servo- jack  earth  was 
specified  on  the  Lynx.  The  relief  of  the  relatively  thin  "cutlet"  from  torsional  moment  assisted  in  thi3 
area. 


A  fundamental  issue  was  the  choice  of  first  lagwise  natural  frequency.  This  was  finally  chosen  to 
be  O.64R  at  normal  operational  speed,  and  represented  the  design  compromise  between  a  high  sub-critical 
situation  wmch  would  minimise  or  eliminate  the  necessity  for  augmentation  of  the  inherent  structural  lag 
damping  for  suppression  of  ground  and  air  resonance  and  a  low  frequency  fhich  would  obviate  the  problem  of 
large  oscillatory  lag  plane  bending  moments  at  1R  frequency  generate'  luring  manoeuvres  which  caused  signi¬ 
ficant  in-flight  .'oto-  steed  reductions,  such  as  autorotat ive  landing.  It  was  considered  highly  probable 

that  it  would  be  neoessa'y  to  augment  the  inherent  structural  damping  in  the  lag  plane,  and  lugs  were  pro¬ 
vided  at  each  end  of  the  dog-buie  so  that  the  bending  deflection  of  the  component  could  generate  linear 
motions  of  an  hydraulic  camper.  That  this  was  a  wise  provision  was  indicated  when  decay  tests  and  forced 
response  tests  carried  out  by  accelerating  the  rotor  through  its  lag  resonance  indicated  the  presence  of 
only  0.5$  critical  damping.  The  Lynx  rotor  has  however,  been  run  on  a  ground  spinning  rig  up  to  the  full 
available  twin  engine  power  without  the  dampers. 

After  the  initiation  of  the  Lynx  design  programme,  the  d.-sire  by  Westlands  and  the  Ministry  of 
Technology  for  a  helicopter  for  research  purposes  was  growing,  and  it  was  considered  that  a  very  useful 
first  task  would  be  to  gain  ground  and  flight  te3t  experience  of  the  Lynx  rotor  system  in  advance  of  the 
start  of  flight  tests.  To  this  end  it  was  decided  to  modify  two  Scout  helicopters  by  the  addition  of 
scaled  Lynx  rotor  systems.  The  iim  was  to  preserve  the  radial  proportions  of  the  major  elements,  t- e 
non-dimensional  lag  natural  frequency  and,  as  far  as  possible,  the  ratio  of  control  power  divided  by 
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aircraft  pitching  inertia.  It  was  not  intended  to  design  a  new  blade  for  this  exercise,  and  hence  the 
existing  Scout  blade  was  utilised  by  removing  9«25  ins.  from  the  tip  in  order  to  preserve  the  original 
total  rotor  radius. 

It  was  desired  to  build  into  the  rotor  system  the  ability  to  vary  certain  critical  parameters. 

These  were  cyclic  gearing  between  stick  and  blade  root,  pitch/flap  (S3  )  coupling,  and  phase  advance 
angle.  The  range  of  values  provided  in  the  design  are 

(i)  gearing 

a)  longitudinal  1  to  2.6  degrees  per  inch  of  stick 

b)  lateral  .5  to  1 .2  degrees  per  inch  of  stick 

(ii)  £3  +9°  to  -  17° 

(iii)  phase  advance  angle  73°,  67°,  an-1  59° 

Fig .4  indicates  the  rotor  head  as  fitted  to  the  Scout  and  Fig.  5  gives  general  view  of  the  aircraft 
in  flight.  This  aircraft,  XP  189,  was  of  pre-production  standard. 

In  order  to  obtain  desirable  positioning  of  the  2nd  and  3rd  flapwise  mode  and  2nd  lagwise  bending 
mode  frequencies,  modifications  were  made  to  the  spanwise  distribution  of  nose  balance  weight  and  provision 
was  also  mac  e  for  the  addition  of  a  concentrated  mass  at  the  position  of  the  inboard  antinode  of  the  2nd 
flapwise  mode.  No  attempt,  however,  was  made  to  simulate  the  first  torsional  mode  frequency.  This  was 
due  to  the  high  value  of  the  flexibility  of  the  control  system  to  which  it  was  intended  to  make  no  modifi¬ 
cations. 

3.  DYNAMIC  ASPECTS  OF  THE  CLEARANCE 


3.1.  GROUND  RESONANCE 

The  prediction  of  ground  resonance  behaviour  was  based  on  a  method  which  combines  the  theoretical 
characteristics  of  the  rotor  system  with  measured  natural  frequencies  and  mode  shapes  of  the  airframe 
chassis  modes.  The  measured  airframe  characteristics  were  obtained  from  tests  of  a  separate  airframe, 
ballasted  to  represent  the  actual  aircraft.  This  test  airframe  was  fitted  with  a  standard  production 
version  skid  undercarriage  which  is  very  similar  in  principle  to  the  pre-production  standard,  but  has 
certain  detail  differences  which  were  considered  not  to  be  significant  from  a  stiffness  point  of  view. 

The  predictions  indicated  that  about  \%  critical  blade  structural  lag  plane  damping  would  be 
sufficient  to  prevent  instability. 

The  ground  testing  was  conducted  in  two  stages :- 

(i)  With  the  airframe  braced  to  the  ground  to  fora  a  3tiff  support  for  the  rotor  system,  the 
rotor  was  checked  for  aeroelastic  instabilities,  obviously  appropriate  to  the  hover  and 
near-hover  conditions  only. 

(ii)  Ground  resonance  clearance  of  the  rotor/airframe  assembly,  with  the  aircraft  in  the  un¬ 
restrained  condition.  Should  however  evidence  of  divergence  be  detected,  tne  restraining 
gear  could  be  hydraulically  tensioned  to  place  the  airframe  impedence  characteristics  into 
an  overall  stable  situation. 

Whilst  carrying  out  the  testing  described  in  (i)  above,  an  instability  was  encountered  at  60$  lift 
and  a  rotor  speed  of  V*.0  r.p.m.  (the  maximum  test  overspeed).  An  investigation  was  undertaken  to  deter¬ 
mine  whether  the  incident  was  rotor  system  instability,  or  whether  it  was  due  to  ground  resonance.  As  a 
result  of  the  investigations,  it  was  discovered  that  the  fundamental  pitch  and  roll  frequencies  of  the 
chassis  modes  were  considerably  lower  than  those  of  the  impedance  test  airframe,  and  that  the  lateral 
stiffness  of  the  tethering  gear  in  the  tensioned  condition  was  much  lower  than  the  design  requirement,  and 
decreased  with  increase  of  applied  load.  Also  the  rotor  lag  plane  structural  damping  was  lower  than  anti¬ 
cipated.  When  these  three  factors  were  taken  into  account,  there  was  a  predicted  deficiency  of  critical 
damping  in  the  lag  mode.  In  order  to  resolve  this  issue  as  quickly  as  possible  so  that  flight  trials  could 
commence,  it  was  decided  to  augment  the  blade  structural  damping  by  fitting  hydraulic  dampers  of  the  type 
previously  developed  for  the  Scout  articulated  rotor.  This  damper  was  fitted  parallel  to  the  "dog-bone" 
so  that  bending  deflections  of  this  component  would  cause  linear  displacements  of  the  damper.  The  damper 
has  an  initial  V2  characteristic  with  a  cut-off,  and  provided  8$  critical  damping  appropriate  to  an  equi¬ 
valent  blade  oscillatory  lag  angle  of  +  3°,  i.e.  well  in  excess  of  the  predicted  minimum  requirement  for 
the  suppression  of  ground  resonance.  Fig.  6  and  7  indicate  the  imaginary  and  real  parts  of  the  solution 
of  the  relevant  differential  equations.  Fig.  7  has  been  plotted  in  terms  of  the  reciprocal  of  the 

time  to  half  or  double  amplitude,  and  demonstrates  that  there  is  no  possibility  of  instability  up  to  a  rotor 
speed  well  in  excess  of  the  maximum  overspeed  value.  This  prediction  -as  borne  out  by  the  fact  that  test¬ 
ing  of  the  aircraft  revealed  no  tendency  to  instability  throughout  the  f  ill  rotor  speed  range  and  for  values 
of  rotor  lift  up  to  lg.  Practical  tests  with  the  aircraft  tied  down  using  normal  production  Scout  centre 
tie-down  facility  also  demonstrated  complete  freedom  from  aeroelastic  instability  in  the  near-hcver  condi¬ 
tion  and  ground  resonance  up  to  a  thrust  state  equivalent  to  the  maximum  available  engine  power. 

3.2.  AIR  RESONANCE 

Having  considered  it  expedient  to  fit  lag  plane  dampers  in  order  to  remove  any  possibility  of 
ground  resonance,  air  resonance  predictions  were  carried  out  assuming  the  availability  of  8%  critical 
damping.  Figs.  8  and  9  indicate  the  imaginary  and  real  parts  of  the  solution  of  the  air  resonance  equa¬ 
tions,  ard  it  can  te  see:,  from  Fig.  9  that  complete  stability  is  predicted  throughout  the  full  operational 


rotor  speed  range  with  wide  margins  in  both  directions.  The  theoretical  predictions  are  only  appropriate 
to  hovering  flight,  but  it  is  considered  that  forward  flight  effects  are  not  essentially  de-stab ilising. 

Fig.  8  is  drawn  for  a  thrust  of  5000  lbs.,  whereas  Fig.  9  shows  the  results  for  5000  and  8000  lbs.  of  thrust. 

Flight  throughout  the  speed,  altitude,  C.G.  and  manoeuvre  ranges  have  not  shown  any  incipient  tendency  to 

air  resonance,  and  the  aircraft  is  stable  in  this  respect  throughout  the  declared  flight  envelope,  including 
full  engine-off  autorotative  landings. 

It  should  also  be  stated  at  this  stage  that  flight  tests  have  not  revealed  any  actual  or  incipient 
form  of  instabilities  which  are  not  primarily  dependent  on  coupling  between  the  rotor  and  airframe  motions 
e.g.,  blade  pitclv/flap  flutter  and  pitch-lag  instability. 

3.3.  ROTOR  LOADING 

3.3*1*  Derivation  of  design  loading 

Design  spanwise  distributions  of  flapwise  and  lagwise  vibratory  bending  moments  were  established 
under  which  the  titanium  elements  should  posses  infinite  life.  This  design  loading  was  obtained  from  a 
non-dimensionalising  procedure  using  measured  data  obtained  from  flight  tests  of  the  S.N.I.A.S.  Alouette 
II  fitted  with  the  Bolkow  hingeless  rotor,  and  the  design  loadings  predicted  for  the  Lynx  using  a  sophisti¬ 
cated  iterative  performance  and  loading  derivation  procedure,  where  the  dynamics  of  the  rotor  system  are 
represented  by  the  first  8  coupled  normal  modes.  Aircraft  weight,  number  of  blades,  rotor  diameter,  rotor 
speed  and  fundamental  lag  frequency  were  the  basic  parameters  used.  This  loading  was  then  used  to  design 
the  flap  and  lag  flexible  elements  for  infinite  life. 

3*3*2.  Estimation  of  rotor  loading  spectrum 

Whilst  the  design  loading  enabled  the  datum  rotor  design  to  be  established,  it  did  not  assign  a 
working  life  to  the  rotor  which  must  be  sufficient  to  enable  the  basic  characteristics  of  the  rotor  system 
to  be  verified.  Hence  an  attempt  was  made  to  estimate  a  loading  spectrum  for  the  rotor  compatible  with 
the  envisaged  experimental  programme. 

Comparisons  of  the  design  loading,  estimated  loading  spectra,  and  measured  loads  are  made  in  Figs. 

10  and  11.  Fig.  10  shows  the  flap  plane  design  loading  and  spectral  loading  distribution  as  a  funotion 
of  radial  station.  Also  shown  are  the  oscillatory  loadings  for  1  g  steady  flight  in  moderate  turbulence 
in  the  speed  range  10  to  115  kts.  for  both  neutral  and  5  ins.  aft  C.G.  position,  and  the  peak  value  of 
oscillatory  loading  measured  during  a  wide  range  of  manoeuvres  for  various  C.G.  positions.  These  points 
are  the  transient  maxima  for  the  manoeuvres  and  represent  only  a  few  cycles  of  loading  per  manoeuvre. 

Fig.  12  represents  the  same  comparison  for  the  lag  plane,  and  the  two  figures  show  that  the  measured  Ig 
loading  is  less  than  the  design  loading  in  the  case  of  the  flap  plane,  and  a  similar  situation  is  true  for 
the  case  of  lag  loading  at  neutral  C.G.,  whereas  the  design  and  measured  lag  loadings  are  the  same  for  the 
5  ins.  aft  C.G.  case. 

3*3*3*  Control  loads 


The  concept  of  the  rotor  is  such  that  feathering  moment  feedback  due  to  blade  flap  and  lag  deflec¬ 
tions  i3  reduced  to  a  minimum  compared  with  the  more  conventional  type  of  hingeless  rotor.  This  is  due 
to  the  "matched-stiffness  outboard  of  the  feathering  hinge"  concept.  With  the  feathering  hinge  encastre 
at  its  inboard  end  the  ratio  of  non-rotating  flapwise  to  lagwise  frequency  is  0.6.  Therefore  it  was  con¬ 
sidered  that  the  vibratory  control  loads  should  not  be  substantially  increased  over  those  experienced  by 
the  articulated  rotor.  That  this  was  the  case  is  indicated  by  comparison  of  steady  1  g  flight  and  man¬ 
oeuvre  loads  for  the  two  rotor  systems  shown  in  Figs.  12  and  13*  In  fact,  the  steady  flight  loads  are 
generally  a  little  less  than  those  for  the  articulated  rotor  Scout,  with  the  manoeuvre  loads  being  substan¬ 
tially  the  same.  It  should  be  noted  however,  that  the  cyclic  gear  ratios  are  substantially  diffe:ent. 
(Fig.  16  refers) 

3* if.  AIRFRAME  VIBRATION 

The  natural  frequencies  of  the  rotor  system  were  positioned  so  that  the  amplification  of  the  basic 
aerodynamic  forcing  loads  at  frequencies  contributing  to  4R  airframe  vibration  were  constrained  to  an 
acceptable  level.  Fig.  14  is  an  interference  diagram  for  the  datum  design  standard  of  blade  balance 
weight,  and  does  not  include  the  effects  of  any  additional  antinode  weight  which  the  design  modifications 
to  the  existing  blade  were  required  to  accommodate. 

The  major  sources  of  airframe  vibratory  loading  at  4R  frequency  for  a  hingeless  rotor  helicopter 
are  considered  to  be  :- 

(i)  Vertical  4R  shears  at  the  rotor  head. 

The  proximity  of  a  flapwise  bending  mode  to  4R  excitation  will  amplify  the  basic  loading. 

The  major  mode  of  consequence  is  the  3rd  flapwise  mode  at  4.73R  which  is  well  positioned 
from  this  point  of  view. 

(11)  Horizontal  4R  shears  at  the  rotor  head. 

4R  in-plane  excitation  arises  from  the  proximity  of  "hub-fixed"  lag  plane  modes  to  3R  and  5R 
excitation.  The  only  mode  of  consequence  is  the  2nd  lag  mode  which  at  6.54R  is  very  well 
positioned  for  minimum  amplification  of  this  source  of  excitation. 

(lii)  Pitch  and  roll  moments  at  the  rotor  head. 

4R  pitch  and  ro’J  excitations  of  the  airframe  arise  from  3R  and  5R  moments  rotating  with  the 
jotcr.  These  mocon  ~  will  give  rise  to  significant  magnitudes  if  there  are  rotor"  flapwise 
modes  close  to  3?.  ant  SR  excitation-  The  2nd  flap  mode  at  2..-3F  and  the  3rd  flap  mode  at 
4.73R  have  adequate  separation  to  avoid  excessive  amplification  in  this  respect.  Fig.  15 
indicates  the  comparison  between  cabin  area  vibration  levels  in  the  3  directions  compared 


94 


with  average  levels  for  the  production  Scout  helicopter. 

4.  AERODYNAMIC  ASPECTS  OF  THE  FLIGHT  CLEARANCE 

The  main  design  features  affecting  the  handling  characteristics  of  the  aircraft  are  those  arising 
from  the  considerably  increased  rotor  head  control  moment  and  damping  provided  by  the  hingeless  rotor 
compared  with  that  of  the  articulated  rotor  normally  fitted  to  the  Scout  helicopter.  The  essence  of  this 
is  summarised  in  Fig.  16  which  shows  comparative  "hover"  control  characteristics  for  the  two  rotors.  It 
is  apparent  that  the  ratio  between  the  rotor  "moment"  control  power  and  "force"  power  is  substantially 
altered.  Also  indicated  for  comparative  purposes  are  the  corresponding  values  for  the  Lynx. 

The  flying  controls  of  the  Research  Scout  were  designed  with  provision  for  some  latitude  in  the 
selection  of  longitudinal  and  lateral  cyclic  gearing  both  individually  and  collectively.  By  this  means 
some  freedom  of  choice  in  the  selection  of  control  sensitivity  and  harmonisation  was  available. 

The  principal  objective  of  the  initial  flying  programme  was  to  establish  an  engineering  and  air¬ 
worthiness  clearance  for  the  aircraft  prior  to  embarking  on  a  programme  of  specific  research  tasks. 
Recordings  of  appropriate  basic  aircraft  parameters  and  strain  gauges  were  obtained  throughout  the  flying. 
However,  the  general  nature  of  the  flight  clearance  programme  precluded  the  acquisition  of  systematic 
flight  data  to  the  level  of  accuracy  necessary  for  detailed  technical  study,  and  accordingly  only  limited 
trace  analysis  has  been  carried  out  as  necessary  for  the  flight  clearance.  Detailed  studies  in  specific 
areas  will  form  the  scope  of  future  research  programmes. 

4.1 .  ESTABLISHMENT  OF  INITIAL  DATUM  STANDARD  OF  CONTROL  GEARING 

The  rotor  head  moment  contributed  by  the  hingeless  rotor  system  is  approximately  four  times  that 
of  the  articulated  rotor  of  the  standard  Scout.  Since  such  increased  control  moment  power  could  have 
produced  excessive  control  sensitivity  with  attendent  piloting  difficulties,  and  possibly  critical  struct¬ 
ural  loads,  it  was  decided  to  adopt  a  desensitised  cyclic  gearing  for  the  initial  flights. 

The  selection  of  the  control  gearing  was  based  on  the  provision  of  an  adequate  cyclic  control 
range  for  aircraft  trim  and  manoeuvre  purposes  over  an  initially  limited  flight  envelope.  This  control 
range  was  associated  with  an  available  stick  travel  "box"  of  11  Ins.  fore  and  aft  by  10  ins.  laterally, 
measured  at  the  top  of  the  stick.  This  resulted  in  a  longitudinal  gearing  of  1 .55  degrees  per  inch  and 
a  lateral  gearing  of  1 .0  degrees  per  inch  of  stick.  Also  a  symmetrical  lateral  cyclic  range  was  initially 
selected. 


Phase  advance  angle  was  retained  at  the  same  value  (73°)  as  used  on  the  articulated  Scout,  and 
nominally  zero  was  adopted. 

Longitudinal  and  lateral  cyclic  stick  positions  in  trimmed  level  flight  up  to  VMAX  (115  kts.  I.A.S. 
at  2000  ft)  for  5000  lbs.  A.U.W.  at  neutral  C.G.  were  measured  and  are  shown  in  Fig.  17.  The  form  of  the 
longitudinal  stick  position  curve  is  similar  to  the  standard  Scout  and  shows  positive  static  stability 
above  45  kts.  Ths  characteristic  "hump"  is  apparent,  in  the  20-30  kts.  region.  The  lateral  stick  posi¬ 
tion  also  shows  this  feature  but  is  otherwise  unremarkable.  The  "hump"  characteristic  is  associated  with 
regions  of  low  translational  velocity  and  is  attributable  to  the  combined  effects  of  complex  rotor  induced 
velocity  distributions  and  the  interaction  of  rotor  wake  and  airflow  effects  upon  the  airframe  pitching 
moment  characteristics.  It  was  found  that  the  stiok  displacements  required  for  low  speed  trim,  partic¬ 
ularly  in  the  longitudinal  sense,  wore  somewhat  greater  than  those  required  for  the  articulated  rotor 
Scout.  This  effect  is  mainly  due  to  the  alteration  in  cyclic  gearing.  The  initial  datuming  of  zero 
cyolic  resulted  in  the  stick  being  further  forward  and  to  port  than  on  the  standard  Soout.  As  a  result, 
the  manual  cyclic  stick  forces  at  high  speed,  although  no  heavier  than  on  the  articulated  rotor,  were  less 
easily  managed  due  to  the  position  of  the  stick  relative  to  the  pilot.  Also,  because  of  the  longitudinal 
stability  characteristics  of  the  aircraft,  substantial  fore  and  aft  control  displacements  were  required  for 
satisfactory  recovery  from  longitudinal  control  inputs  at  speeds  greater  than  90  kts.  where  proximity  of 
the  forward  control  3top  may  have  been  limiting.  However,  early  flight  tests  having  confirmed  ti»c  accep¬ 
tability  of  the  basic  control  gearing  and  harmonisation  from  the  Handling  viewpoint,  it  was  considered  that 
the  only  change  required  was  a  re-datuming  of  the  cyclic  stick  aft  by  1-j  inches  and  starboard  by  1  inch. 

This  control  arrangement  proved  satisfactory  for  the  remainder  of  the  clearance  tests.  Stick 
displacements  during  manoeuvres  for  all  flight  and  loading  states  were  acceptable,  and  at  no  time  did 
available  cyclic  control  range  limit  the  manoeuvre  within  the  required  flight  envelope  of  clearance. 

All  flight  tests  were  carried  out  at  a  nominally  neutral  lateral  C.G.  position  and  the  stick 
margins  available  were  considered  adequate  for  the  lateral  C.G.  range  of  +  1j  inches  proposed  for  the 
clearance.  Occasionally,  longitudinal  dynamic  stability  tests  at  and  above  required  the 
application  of  full  forward  cyclic  for  recovery. 

4.2.  FLIGHT  CLEARANCE 

The  flight  envelope  objective  tested  and  cleared  is  shown  in  Fig.  18.  This  envelope  is  the  same 
as  that  for  the  articulated  rotor  Scout  for  a  weight  of  5000  lbs.  up  to  a  density  altitude  of  6000  feet, 
but  with  the  C.G.  range  restricted  to  2  inches  forward  to  4  inches  aft  and  +  1?  inches  laterally.  This 
was  considered  to  be  entirely  adequate  for  the  research  tasks  envisaged  for'this  aircraft. 

The  clearance  was  divided  into  }  main  areas  :- 

(i)  Low  speed  manoeuvres 

(ii)  Normal  flight  manoeuvres  up  to  80%  VMAX  and 

(iii)  VMAX 
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In  the  course  of  the  clearance,  the  following  positions  of  longitudinal  C.G.  were  tested  :- 

1.66"fwd;  Neutral;  3"  aft  5"  aft 

An  assessment  of  handling  and  operation  in  high  winds  was  also  carried  out. 

4.2.1 .  Low  speed  manoeuvres 

Evaluation  of  the  aircraft  in  this  area  was  largely  on  the  basis  of  the  pilot's  subjective  reports. 
In  addition  to  the  normal  low  speed  manoeuvres,  the  following  were  also  used  to  assess  low  3peed  handling:- 

(i)  Advancing  "S"  turns 

(ii)  Down  wind  approaches  with  late  turn  tc  hover 

(iii)  Sideways  "sheep  dogs" 

(iv)  Climbing  reverse  turns  with  large  power  change 

The  scope  and  vigour  of  these  manoeuvres  were  aimed  at  covering  all  that  is  implied  by  the  phrase 
"normal  manoeuvres  of  an  Arny  tactical  helicopter". 

No  handling  problems  were  encountered  during  any  of  the  manoeuvres  at  any  loading  tested,  although 
stick  displacements  in  some  cases  were  fairly  large.  However,  the  available  cyclic  stick  range  was  always 
adequate.  Large  movements  of  the  stick  were  particularly  apparent  in  the  20  kts.  region  where  control 
appeared  rather  sluggish.  Basic  control  characteristics  were  rated  satisfactory  and  no  adverse  pitch/roll 
couplings  were  apparent. 

The  aircraft  was  tested  in  steady  wind  speeds  up  to  23  kts.  with  gusting  to  32  kts.  No  difficul¬ 
ties  in  this  respect  were  experienced.  Rotor  accelerations  and  decelerations  on  the  ground  in  these  con¬ 
ditions  were  reported  to  be  superior  to  the  corresponding  articulated  rotor. 

Control  response  in  the  hover  was  assessed  by  the  application  of  cyclic  "pulse"  inputs .  Figs .1 9 

and  20  indicate  the  responses  to  a  nose-down  input  and  a  port  input  respectively  in  the  hover. 

4.2.2.  Normal  flight  manoeuvres  up  to  80??  ^MAX 

The  four  loading  conditions  were  tested  through  the  normal  range  of  flight  test  manoeuvres  firstly 
at  a  pressure  altitude  of  2000  ft.  and  with  the  exception  of  the  forward  C.G.  at  a  pressure  altitude  of 
6000  ft.  The  forward  C.G.  and  neutral  C.G.  characteristics  at  2000  ft.  were  so  little  different  that  it 
was  considered  unnecessary  to  test  this  condition  at  6000  ft.  In  the  oourse  of  testing  at  6000  ft.  the 

aircraft  was  flown  at  pressure  altitudes  up  to  8000  ft. 

In  the  speed  range  up  to  80??  VMAX  the  aircraft  was  easy  to  fly  with  satisfactory  control  character¬ 
istics.  During  rolling  manoeuvres  there  was  a  nose-up  pitching  tendency  which  was  readily  counteracted 
with  forward  stick.  Entries  to,  and  recoveries  from  autorotation  were  straight  forward.  Very  rapid 
entry  (l  to  2  secs)  to  autorotation  from  a  high  collective  pitch  setting  showed  a  strong  pitch-down 
tendency.  This  feature  was  dependent  upon  the  rate  of  pitch  reduction,  and  became  more  marked  with 
increased  speed. 

The  aircraft  was  initially  longitudinally  dynamically  stable  with  a  tendency  to  become  dynamically 
unstable  as  speed  increased  above  30  kts.,  the  effect  becoming  more  marked  with  aft  C.G.  movement.  However, 
in  comparatively  smooth  air  the  aircraft  could  be  flown  for  prolonged  periods  without  difficulty.  In 
conditions  of  moderate  turbulence  the  effects  of  instability  in  pitch  became  more  apparent  requiring  con¬ 
siderably  more  attention  from  the  pilot  in  order  to  achieve  accuracy. 

Stability  in  roll  was  substantially  dead-beat  throughout  the  speed  range,  but  at  the  3"  and  5"  aft 
C.G.  loadings  the  unstable  pitch  mode  tended  to  intrude  at  the  higher  speeds,  requiring  eventual  inter¬ 
vention  by  the  pilot.  Corresponding  tests  at  6000  ft.  produced  similar  results  for  equivalent  airspeed 
based  on  a  normal  density  altitude  relationship. 

The  manoeuvres  tested  included  vigorous  rolling  reversals  of  +  45°  bank,  wing-overs  and  turns 
through  180°  up  to  60°  bank.  The  tests  were  carried  out  at  100??  torque  at  50  and  80  kts.  and  were  typical 
of  tests  to  which  the  standard  Scout  is  subjected.  Normal  accelerations  up  to  +  1 .7  g  were  achieved, 
v 

4.2.3*  Clearance  to  MAX 

Substantiation  of  VMAX  as  defined  by  Fig.  18  entailed  flight  assessment  of  the  aircraft  progress¬ 
ively  up  to  1.1  'MAX  (13O  kts.  at  2000  ft;  112  kts.  at  6000  ft.).  At  each  speed  increment,  30°  banked 
turns  were  executed  to  assess  controllability  and  rotor  loadings.  Above  120  kts.  it  was  necessary  to 
carry  out  this  manoeuvre  in  a  slight  descent  due  to  power  limitations.  Control  and  stability  were  also 
assessed  by  means  of  longitudinal  and  lateral  cyclic  "pulse"  inputs. 

In  conditions  of  calm  to  light  turbulence  the  aircraft  was  fully  controllable  to  130  kts.  but 
became  progressively  more  sensitive  in  pitch  as  speed  increased  above  90  kts.  Longitudinal  stick  "pulse" 
input  showed  the  aircraft  to  be  dynamically  unstable  in  pitch,  the  rate  of  divergence  above  11 5  kt3.  being 
so  rapid  as  to  require  almost  immediate  pilot  intervention.  Substantial  forward  stick  displacements  were 
frs-'uently  inquired  to  effect  satisfaotory  recovery  from  high  nose-up  attitudes.  Tests  also  confirmed  the 
■.-fiectiveness  of  a  reduction  in  collective  pitch  as  a  means  of  recovery  from  excessively  high  nose-up 
attitudes . 


* 


Flight  tests  to  130  kts.  in  moderate  to  severe  t'irbulence  illustrated  the  influence  of  the  pitch 
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instability  on  the  level  of  pilot  work  load  required  to  achieve  accuracy. 

Whilst  not  wishing  to  divert  attention  from  the  issue  of  t..e  de-stabilising  influence  of  increased 
control  power,  it  should  be  noted  that  the  standard  Scout  with  its  2%  offset  articulated  rotor  is  dynami¬ 
cally  unstable  in  pitch  and  displays  a  ''igorous  response  to  longitudinal  cyclic  stick  inputs  compared  with 
many  other  helicopters.  In  fact,  the  overwhelming  impression  obtained  by  the  pilots  from  the  testing 
described  was  that  the  handling  characteristics  of  the  Scout  fitted  with  the  semi-rigid  and  the  articulated 
rotors  were  very  similar. 

5.  GENERAL  STATUS  OF  THE  TEST  PROGRAMMES  AND  ITS  RELEVANCE  TO  THE  LYNX 

The  test  programme  outlined  above  represented  the  work  carried  out  to  demonstrate  that  the  aircraft 
had  a  capability  sufficient  for  it  to  embark  upon  a  useful  research  programme.  Subsequently,  the  aircraft 
has  completed  a  programme  of  run-on  and  full  autorotative  landings  with  no  handling,  stress  or  ground/air 
resonance  problems,  the  rotor  speed  at  touch-down  being  allowed  to  drop  to  a  minimum  of  280  r.p.m.  (705? 

Nr).  Take-offs  and  landings  on  slopes  of  up  to  10°  have  been  accomplished  on  dry  soft  turf.  The  tech¬ 
nique  used  has  been  entirely  normal,  and  no  instability  or  stress  problems  were  encountered. 

It  should  be  emphasised  that  although  variability  of  cyclic  gearing,  phase  advance  angle,  and 
coupling  are  built-in  to  the  design,  the  full  basic  flight  cljarance  was  accomplished  with  the  initially 
chosen  values,  and  no  changes  were  required  in  order  to  achieve  the  flight  envelope  indicated.  It  was 
originally  intended  to  duplicate  the  hydraulic  supply  to  the  single  channel  servo  jacks.  Thi3  was  because 
it  was  known  that  the  manual  reversion  characteristics  at  high  speed  of  the  standard  Scout  were  such  that 
any  increase  in  the  basic  cyclic  control  loads  would  not  have  been  acceptable.  However,  the  duplicated 
supply  system  had  not  reached  an  acceptable  stage  of  development  for  it  to  be  incorporated  at  the  commence¬ 
ment  of  flight  testing.  Therefore  it  was  decided  to  undertake  manual  reversion  at  frequent  stages  of 
progression  through  the  speed  and  manoeuvre  range.  This  experience,  together  with  the  accumulating  data 
on  measured  pitch  link  loads  convinced  the  pilot  that  loss  of  the  hydraulic  control  system  would  be  no  more 
of  an  emtarassment  than  that  of  a  standard  production  Scout,  and  it  was  considered  fully  acceptable  to 
continue  the  research  programme  with  the  basic  single  channel,  single  supply  system. 

The  aircraft  made  it3  first  flight  at  the  end  of  August  1970  and  to  date  ha3  accumulated  45  hours 
flying  time.  It  is  currently  engaged  on  a  programme  designed  to  investigate  the  influence  on  handling  of 
the  longitudinal  control  gearing.  The  second  Scout  modified  to  thi3  standard  first  flew  in  June  1971  and 
accumulated  7  hours  flying  time  before  delivery  to  the  Royal  Aircraft  Establishment,  Bedford,  at  the  begin¬ 
ning  of  August. 

The  Lynx  made  its  fir3t  flight  in  March  1 971 ,  and  to  date  (July)  has  accumulated  20  hours  flying 
time,  during  which  it  ha3  achieved  a  maximum  forward  speed  of  l60  kts.,  an  altitude  of  6000  ft.  and  has 
flown  at  a  maximum  A.U.W.  of  8,600  lbs.  No  major  problems  of  handling,  stress,  and  vibration  have  been 
encountered,  and  there  have  been  no  signs  of  any  form  of  ground  and  air  resonance,  or  apy  form  of  rotor 
aeroelastic  instability. 

Fig.  21  shows  the  Lynx  in  flight,  and  Fig.  22  shows  the  main  feature  of  the  production  rotor  head. 

It  is  certainly  the  case  that  the  background  of  experience  provided  by  the  hingeless  rotor  Scout 
programme  enabled  a  high  rate  of  progress  to  be  achieved  in  the  initial  programme  of  Lynx  development. 

In  particular  it  gave  the  pilots  great  confidence  in  the  handling  qualities  of  the  Lynx  when  they  observed 
the  similarity  with  the  Scout  at  the  initiation  of  Lynx  flight  testing.  It  was  recognised  early  in  the 
design  programme  and  confirmed  by  simulator  and  Scout  experience  that  the  degradation  of  the  longitudinal 
stability  characteristics  due  to  the  increased  control  power  could  represent  a  problem  on  a  high  speed  pure 
helicopter.  Therefore  the  decision  was  made  to  incorporate  the  device  known  as  the  C.A.C.  (computer 
acceleration  control).  This  device  provides  an  input  to  the  collective  pitch  servo  control  proportional 
to  aircraft  normal  acceleration.  The  aircraft  is  currently  flying  at  a  C.A.C.  gearing  of  1.5  of  collec¬ 
tive  pitch  reduction  per  unit  increase  of  normal  "g"  and  this  has  reduced  the  pitch  instability  to  entirely 
acceptable  proportions  up  to  the  presently  achieved  maximum  speed  of  160  kts. 


FIG.  3.  COMPARISON  OF  ROTOR  SYSTEMS 


NOftMAl  OKRATMG  J—HAX  OVER  SPUD  LOM3INC 

_ i _ L _ l  l  yi  1  JPfCTAUM 


rlC.  20.  LATERAL  INPUT  IN  HOVER 
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SOME  THOUGHTS  ON  THE  SA  341  "GAZELLE"  SPEED  RECORD 
J.  SOULEZ-URIYIERE 
Deputy  Director  for  R.  A  D. 
"AEROSPATIALE  -  Helicopters" 


Ladies  and  Gentlemen, 

While  speaking  from  this  tribuns,  1  can  see  amongst  the  attendance  numerous  friends  already  met  during 
the  years  I  have  been  working  on  helicopters  and  V.T.O.L's.  I  would  say  they  are  getting  older  in  the 
same  manner  as  nyself ,  and  this  ineluctable  faot  brings  to  my  mind  the  idea  to  try  to  make  us  all  youn¬ 
ger  by  recalling  the  pionneering  years  before  the  second  world  war,  then  the  immediate  post-war  period 
which  has  seen,  thanks  to  the  sfforts  of  so  many  enthusiasts,  the  helicopter  coming  out  of  "dreamland" 
to  enter  into  the  field  of  industry  and  operation  on  a  wider  and  wider  basis.  And,  this  was  the  time 
when  it  was  of  good  fora  in  a  great  number  of  aeronautical  sphered,  particularly  amongst  our  colleagues 
manufacturing  or  operating  fixed  wing  aircraft,  to  consider  with  an  amused  condescension  this  "toy"  just 
good  enough  to  amuse  people  but  unable  to  have,  one  day,  any  practical  interest  due  to  its  nature-imposed 
limitations.  Speed  was  one  of  these  and  speed  limits  were  predicated  to  the  helicopter  generally  in  round 
figures  of  hundreds  of  kilometre a  per  hour  (at  least  in  the  metric  countries  I ).  Hundred  kilometres  per 
hour,  then  quickly  two  hundreds,  were  considered  as  being  insurmountable  barriers.  Then,  by  the  force  of 
t hinge,  it  had  to  be  admitted  that  the  limit  had  been  pushed  up  to  300  km/hr  and  now  that  this  barrier 
has  been  jumped  by  numeroue  record  breaking  helicopters  many  people  are  talking  of  400  km/hr  as  being 
the  new  unrealisablo  performance. 


It  is  in  such  a  context  that  it  seems  opportune  to  evaluate  the  record  Just  broken  by  tua  "last-born" 
of  the  Aerospatiale,  the  "SA  341  -  G1ZELIE"  flying  at  a  speed  of  300-310  Va/br. 


After  having  commented  it  as  a  fact ,  I  ..‘11  take  advantage  of  the  occasion  to  say  a  few  words  on  these 
famous  speed  limits  and  give  you,  O’  this  subject,  my  personnel  feelings. 


The  record  t 

It  is  the  13th  of  May  1071,  we  are  at  Iatrea,  the  airfield  of  the  "Flight  test  Centre",  near  Marignane. 
The  weather  la  fine  and  a  light  wind  blows  at  8-10  knots.  Four  performs, ioes  will  be  recorded  during  the 
outbound  and  inbound  flights  over  the  speed  base  or  the  closed  circuit  t 

-  3  km  at  apecilied  low  altitude  I  312.174  km/hr 

-  15  to  25  km  at  selected  altitude  t  312.616  kq/hr 

-  100  kn  in  closed  circuit  t  295.889  km/hr 

then,  on  the  following  day,  a  fourth  performance  will  be  made  over  a  15  km  distance  after  the  special 
fairings,  designed  for  the  record  breaking  flights,  have  been  removed.  In  the  production  configuration, 
with  b  persona  on  hoard,  a  speed  of  293.400  km/ hr  will  be  reoorded. 


First,  It  should  be  noted  that  these  speeds  are  not  the  highest  reached  by  helicopters.  The  SA  321 
"Supeiv-Frelcn",  as  soon  as  1959,  has  ezoeeded  a  speed  of  350  ks/hr  and  the  present  record,  held  by  the 
"Blackhawk",  ctandu  at  355.340  km/hr,  but  these  speeds  are  those  reached  by  heavy  helicopters  and  the 
large  ciw*  i«  a  favourable  factor  as  the  maximum  cross-section  increases  more  slowly  than  the  weight  and 
power,  this  faot  justifies  the  existence  of  several  categories  of  records  and,  particularly  a  category 
for  email  helicopters. 


Further,  it  must  la  said  that  the  "large  helicopters"  records  were  broken  by  much  lightened  aircraft 
end  ao,  if  we  are  considering  the  fineness  parameter  "Mg  x  V"  ,  which  has  an  economical  interest  as 

great  as  the  speed,  it  can  he  noted  that  the  record -breaking  "Super-Frelon"  has  a  rat to  of  about  2, 
but  for  the  SA  341  this  figure  was  3  to  3.5. 


On  the  other  iiand,  tne  last  performance  noted  which  is  not  really  a  record  as  ouch,  should,  in  our  mind, 
have  a  value  at  least  a*  great.  In  fact,  it  is  the  configuration,  very  close  to  the  production  standard 
and  at  the  production  tUl-t.p  weight,  which  hao  allowed  a  speed  close  to  300  km/hr.  The  only  change  made 
io“  the  record  and  included  in  this  build  standard,  is  relative  to  the  undercarriage  fairings.  It  has 
proved  to  be  sufficiently  beneficial,  while  simple,  to  be  incorporated,  after  the  record  breaking  flight, 
in  the  production  build  standard. 
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The  conclusion  to  the  above  is  that  w*  can,  without  ’.wing  boastful,  state  in  the  3A  341  commercial  lit* 
tersture  the  following  values  :  maximum  speed  =  about  300  km/hr;  cruising  speed  t  275  km/hr.  This  is  not 
a  sales  argument  or  a  performance  out  of  the  reach  of  production  aircraft,  it  is  truly  the  performance 
which  can  be  achieved  practically  by  any  aircraft  sold  to  ~"rr  customers. 


The  preparation  for  the  record  attempt 

How  did  we  got  then  ?  I  feel  that  the  description  of  the  efforts  which  we  have  made  will  surprise  many 
of  you.  The  record  attempt  was  prepared  in  one  month  and  made  in  8  days  from  the  moment  the  decision  to 
break  the  standing  records  was  taken.  This  means  that  it  was  an  "easy"  record,  but  the  most  difficult 
was  to  take  the  decision  i.e.  to  admit,  for  the  helicopter,  the  interest  of  the  speed  factor  and  there, 
it  was  all  a  history  and  a  lot  of  ideas  which  had  to  be  changed  and  that  was  not  accomplished  in  one  day. 


In  fact,  by  a  %'ite  curious  paradox,  the  blemish  assigned,  once  for  all,  to  the  helicopter  by  the  out¬ 
side  world  which  considers  it  as  being  a  alow  aircraft,  unable  of  speedy  flight  and  full  of  many  other 
unacknowledge  l  defects,  is  so  well  anchored  in  our  minds  that  even  the  helicopter  operator  and  manufac¬ 
turers,  amongst  whom  we  seem  to  be  fully  convinoed  of  such  a  state  of  things.  This  is  well  marked 
by  the  lack  of  effort  in  this  field,  as  well  from  the  research  aspect  as  for  the  design  of  really  fast 
helicopters. 


However,  from  the  technical  aspect,  an  explanation  may  he  found.  In  fact,  up-to-now  the  problem  of  the 
helicopter  manufacturers  was  not  to  "produce  speed"  but  g've  to  their  customers  an  aircraft  capable  of 
vertical  take-off,  and  this  type  of  machine  is  still  nearly  the  only  one  to  have  such  a  capability,  arl 
then  transport  the  greatest  possible  payload  at  the  lowest  cost.  But,  the  consolidated  weight  of  power 
was  very  great.  When  talking  of  large  power  installation,  looming  in  the  background  are  the  weight  of 
the  engine,  iuel,  transmission  components,  the  reduction  gear  complexity,  the  fragility  of  the  whole, 
the  costly  maintenance,  etc.,  and  in  this  litany  of  complaints  there  is  sufficient  work  for  the  designer 
so  that  he  is  not  tempted  to  increase  his  work  load  by  contemplating  a  faster  machine. 


With  the  piston  engines,  then  the  first-generation  turbine  engines,  the  helicopter  was  essentially  a 
V.T.O.L,  machine,  as  well  in  its  deei&i  and  operation  as  in  the  progress  required. 


Its  problems  were  questions  of  mechanics,  vibration,  fatigue,  etc...  .  Speed,  aerodynamics,  fineness  ..? 
Yes,  later,  when  the  other  problems  would  have  been  solved  I. 


The  speed  record  broken  by  the  SA  341  is  a  alight  sign  that  this  "later"  has  arrived  and  before  analy¬ 
zing  the  meaning  of  this  tact,  let  us  examine  the  details  of  tno  preparation  for  the  record  attempt. 


1.  First,  "Sessile"  has  the  advantage  of  having  benefitted  from  the  AEROSPATIALE' e  initial  general 
approach  to  the  helicopter  field,  that  ie,  the  reserve  of  power.  In  fact,  the  exparienoe  acquired  on 
piston  engined  helicopters  had  shown  that  the  helicopter  engines  were  always  great  sufferers.  Operated 
close  to  their  power  ii-rit,  poorly  cooled,  they  were  subjected  to  q>iite  a  heavy  burden.  Further,  when 
the  take-off  altitude  or  the  temperature  was  increasing,  the  engine  performance  and,  hence,  the  heli¬ 
copter's  was  rapidly  decreasing.  So,  when,  appeared  the  "Turbo see a"  turbine  engine*  (between  1950  and 
1955)  which  developed  more  power  for  a  given  weight,  the  AEROSPATIAIE’s  polioy  was  to  install  an  over¬ 
powerful  engine  on  a  given  helicopter  while  trying  to  improve  the  payload  by  taking  advantage  of  an 
engine  of  equal  power  but  lighter.  The  bad-minded  people  are  saying  that,  in  fact,  it  was  the  only 
way  to  have  satisfactory  engines,  but  this  is  very  blued  and,  truly,  the  "Turbomeca"  engines  baa 
provea  to  he  excellent  and  reliable  light  weight  engines. 


The  piston-engined  "ALOUETTE  I"  had  an  installed  power  of  150  KW  for  an  all-up-weight  of  1150  kg; 
the  ALOUETTE  II  ARTOUSTE,  260  KV  for  1350  then  1500  kg.  The  ALOUETTE  II  ASTAZOU  disposes  of  400  KV 
and  "GAZELLE"  has  450  KV  for  1700  kg.  If,  to  go  fast,  power  is  not  the  only  requisite,  it  is  certainly 
necessary.  This  overpower  condition,  which  is  not  found  on  any  other  helicopter  in  the  world,  is 
therefore  well  a  primary  condition. 


2.  Further,  in  the  same  spirit,  the  rotor  characteristics  are  very  f -vourable  to  speed;  the  blades, 
sufficiently  wide  io  allow  taking-off  at  great  altitude,  gave  c  i  the  ground  a  good  margin  relative 

to  the  retreating  blade  stall.  The  blades,  made  of  glass  fiber  and  partly  of  carbon  fiber,  are  with¬ 

standing  exceptionally  well  alternate  loads  and  thus  can  accept  the  strong  excitations  generated  at 
high  speed.  It  is  to  be  noted  that  the  rotor  head  ie  not  fully  rigid,  but  only  semi-rigid.  To  follow 

the  fashion  and  also  for  its  well-knowm  inherent  advantages,  the  machine  bad  been  designed  and  built 

with  a  rigid  rotor  head,  but  this  configuration  wu  found  to  be  unacceptable  as  soon  as  the  speed 
was  exceeding  that  of  present  helicopters  and  it  has  been  necessary  to  come  back  to  a  conventional 
flapping  hinge  and  be  content  with  a  rotor  head  rigid  in  the  drag  plane  only. 


10-3 


3.  The  general  shape  of  the  aircraft  was,  without  any  doubt,  a  progress  relative  to  the  former  genera¬ 
tion.  But,  we  must  ac'mit  that  esthetics  and  fashion,  which  were  no  longer  to  the  "string  bag"  heli¬ 
copter  of  the  heroic  e?a,  had  much  to  do  in  the  decision  to  design  a  pleasant  looking  aircraft.  For 
example,  it  is  to  be  noted  that  in  spite  of  our  aierodynamists,  who  where  loudly  claiming  that  "the 
undercarriage  drags  awfully" ,  the  general  reaction  was  to  think  that  it  did  not  matter.  Think  of  it  ! 
a  faired  undercarriage,  that  will  be  heavy  and  costly  !. 


In  the  same  way,  the  engine  was  well  along  the  centre  line  of  the  aircraft  resting  on  its  skids,  but, 
unfortunately  it  was  not  at  all  O’d.ented  along  the  local  flux,  deviated  by  the  general  nose  down 
attitude  of  the  aircraft  and  the  caflection  in  this  rear  section  of  the  fuselage. 


4.  At  last,  with  the  shrouded  tail  rotor  it  was  possible,  in  cruising  flight  to  transfer  the  anti-torque 
function  to  a  fin  which  is  much  quieter  and  free  from  all  kinds  of  limitations.  M.  Gallot  has  come 
here  to  make  a  lecture  on  this  subject. 


We  are  now  at  the  beginning  of  1971.  When  finally  it  was  admitted  that  "Gazelle",  after  all  those 
detained  arrangements,  was  no  longer  an  aircraft  so  ugly  nor  so  slow  as  first  thought.  In  1970, 
dive  trials  had  shown  that  the  behaviour  of  the  aircraft  at  high  speed  was  perfectly  sound  and  the 
interest  of  an  attempt  to  break  the  speed  record  for  the  relevant  category  began  to  be  realized. 

The  rest  was  easy  |  order  was  given  to  the  aerodynamists  to  extract  from  their  files  the  results  of 

the  drag  tests.  They  were  granted  a  small  testing  period  in  the  wind  tunnel  to  determine  how  the 

fuselage  drag  could  be  reduced!  manufacture,  test,  record  attempt,  all  was  quickly  done.  On  the  figure 
it  can  be  seen  that  at  the  usual  negative  incidence  angles,  the  parasite  drag  was  practically  reduced 
by  half  (0.9  down  to  0.43)  by  some  simple  modifications.  The  remainder  of  the  aircraft  was  not  changed. 


First,  the  undercarriage  having  a  considerable  effect  due  to  its  own  drag  and  also  its  moment  tending 
to  increase  the  nose-down  attitude  and,  hence,  the  overall  drag. 


Then  the  engine  and  main  gear  box  assembly  for  which  the  conventional  aerodynamic  procedures  are  fully 
applicable.  A  "turtle  deck"  was  installed  around  the  main  gear  box  and  blending  with  the  engine.  The 
rotor  head  was  faired  in  by  a  "tray"  covered  by  a  "sea-urchin",  whirling  with  the  rotor  and  thus,  a 
substantial  reduction  was  obtained.  It  is  to  be  noted  that  the  wind  tunnel  tests,  confirmed  in  flight, 
had  shown  that  it  was  necessary  to  blank  Off  the  fairing  holes  to  obtain  a  good  efficiency. 


5.  Lessons  to  be  drawn  from  this  record  for  the  helicopter  future 


Will  I  fail  in  the  trap  I  denounced  at  the  beginning  of  this  paper  and  will  I  predict  a  speed  limit 
for  the  pure  helicopters  (400  km/hr  ?)j  no  I  refuse  although  such  a  limit  exists  surely.  But,  we  are 
forced  to  admit  that  this  SA  341  has  brocken  a  speed  record  nearly  "without  wishing  it".  It  is  an 
aircraft,  designed  as  in  the  past  to  do  some;  hovering  and  look  nice,  which  has  been  capable  to  realize 
such  a  performance.  But,  there  are  so  many  aerodynamic  resources  which  are  still  unexplored  if  we 
wanted  really  to  go  faster  I. 


But,  do  we  really  want  it  7  are  the  operators  wishing  it  ?  Instinctively,  I  would  tend  to  give  an 
affirmative  answer,  as  these  operators  are  beginning  to  think  in  terns  of  "tons/kilometres"  instead 
of  flying  hours.  I  would  answer  also  that  the  SA  341  materialize  the  boundary  between  the  helicopters 
designed  for  hovering  and  those  which  shall  be  optimized  in  the  future  to  have  an  equilibrium  between 
hovering  and  cruising.  But,  I  feel  also  that  speed  alone  is  not  sufficient  to  interest  the  customers 
if  the  price  to  be  paid  is  too  high,  particularly  for  the  fineness.  In  fact,  if  the  fineness  is  not 
improved,  the  increase  in  speed  will  be  paid  by  a  power  installation  which  will  grow  as  the  cube  of 
this  speed  and  a  range  which  will  decrease  in  the  same  manner,  except  if  all  the  payload  is  fuel. 

In  tha  future,  therefore  any  speed  increase  must  be  linked  to  an  improvement  in  fineness.  And  this 
is  also  a  trend  amongst  the  customers,  the  faster  is  the  flight,  the  farthest  one  wants  to  go  and 
vice  versa.  And  on  this  point,  there  is  much  to  do,  as,  once  again  the  parasitic  drag  increases  at 
the  cube  of  the  speed  if  nothing  is  done  to  reduce  it. 


But,  there  is  some  hope.  First,  I  do  not  bje  any  reason  for  the  helicopter  fuselage  drag  being  inhe¬ 
rently  ouch  greater  than  that  of  the  equivalent  fixed-wing  aircraft!  carefully  work-out  the  shapes, 
retract  the  undercarriage,  maintain  a  level  attitude  in  cruising  flight,  and  these  are  some  obvious 
remedies  not  however  always  easy  to  realize.  Then,  the  propulsion  efficiency  of  the  rotor  is  excel¬ 
lent  and  better  than  any  other  propulsion  means  (propeller  or  jet)  of  the  fixed  wing  aircraft.  At 
last,  there  remains  the  rotor,  the  aerodynamics  of  which  are  in  1971  nearly  the  same  they  were  in 
1935,  that  is  the  aerodynamics  of  a  rotor  aesiggned  for  hovering.  There  is  a  wide  field  of  research 


open  to  us  tc  find  rotors  capable  to  work  efficiently  and  with  a  good  fineness  at  high  tip  speed 
ratios.  The  first  results  obtained  in  France  from  systematic  tests  run  in  the  Kodane  large  wind  tunnel 
have  shown  that  we  are  still,  far  away  from  the  barrier. 


Certainly,  for  the  helicopter  in  its  present  form  with  its  nearly-vertioal  axis,  this  barrier  exists, 
would  it  be  only  for  the  disc  inclinat ion  required  to  propulee  a  body  at  high  speed.  But  on  this  point . 
we  have  in  front  of  us  the  derived  for.ulae,  the  compound  and  particularly  the  convertible  aircraft, 
which  will  be  capable  to  take  over  and  which,  for  us,  are  still  helicopters.  But,  this  is  an  other 
story. 
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SUMMARY 

There  has  been  a  continuing  effort  over  the  past  fev  decades  to  develop  the  technology  of  rotary- 
ving  aircraft.  However,  these  efforts  have  been,  for  the  most  part,  directly  oriented  toward  the  opera¬ 
tional  evaluation  of  a  particular  concept  or  configuration  rather  than  the  acquisition  of  future  technology. 
Relatively  little  consideration  has  been  given  to  research  aimed  at  understanding  the  phenomena  and  to 
development  of  analytical  methods  for  predicting  the  aerodynamic  forces  and  moments.  At  an  AGARD  meeting 
in  1967,  Professor  J.  P.  Jones  assessed  the  status  of  the  rotorcraft  and  concluded  that  only  the  very  best 
configurations  could  survive  in  direct  competition  with  fixed-wing  aircraft.  He  suggested  that  inadequate 
understanding  of  the  aerodynamics  of  the  rotor  constituted  the  primary  factor  limiting  Improvements  in 
rotorcraft  performance.  With  Professor  Jones'  presentation  as  a  point  of  reference,  this  paper  discusses 
those  areas  of  rotary-wing  aerodynamics  which  otill  pose  the  most  perplexing  problems  and  those  areas  where 
aerodynamic  Improvements  are  likely  to  have  the  largest  pay-off  in  terms  of  improved  design  and  performance 
of  new  aircraft. 

In  the  authors'  opinions,  the  primary  factors  inhibiting  the  performance  of  current  rotary-wing  air¬ 
craft  are  the  following: 

1.  Aerodynamic  limitations  leading  to  excessive  power  demands,  loss  of  lift  and  propulsive  capabil¬ 
ity,  and  saturation  of  control  range, 

2.  Unsatisfactory  stability  characteristics  and  handling  qualities,  and, 

3.  Restrictions  Imposed  by  vibration  and  fatigue  considerations. 

These  problems  are  examined  and  discussed  with  respect  to  developments,  particularly  during  the  past  four 
years,  in  the  aerodynamics  of  the  rotor,  the  mathematical  modeling  of  its  wake,  and  the  prediction  of 
dynamic  airloads  and  their  effects  on  flying  qualities.  An  attempt  is  made  to  correlate  the  statement  of 
these  problems  with  research  recently  conducted  and  currently  underway.  The  paper  reviews  recent  develop¬ 
ments  in  rotor  flow  studies,  rotor-biade  pressure  distributions,  rotor-blade  boundary-layer  analyses,  air¬ 
foil  behavior  in  rotors,  rotor-blade  dynamic  stall,  unsteady  aerodynamlca  of  rotors,  and  the  aerodynamics 
of  new  rotor  configurations.  Progress  over  the  past  four  years  towards  solution  of  the  problem  areas  is 
discussed  in  the  light  of  comparisons  between  theoretical  and  experimental  data.  Results  of  past  and  cur¬ 
rent  research  efforts  are  presented  as  foundations  upon  which  projections  are  based.  The  paper  concludes 
with  a  suggestion  for  a  coordinated  treatment  of  aerodynamic  research  of  rotary-wing  aircraft  aimed  at 
improving  the  overall  performance  potential  of  this  class  of  vehicles. 


INTRODUCTION 

Four  years  ago  (1967)  at  an  AGARD  meeting  jointly  sponsored  by  the  FMP  and  FDP,  Professor  J.  P.  Jones 
presented  a  most  scholarly  assessment  of  the  rotorcraft  titled  "Rotor  Aerodynamics  -  Retrospect  and 
Prospect"  [1].  This  paper  concluded  that,  except  for  the  ability  to  rise  vertically,  most  of  the  advan¬ 
tages  of  VTOL  had  been  eroded  away  by  sheer  engineering  progress  and  onlv  the  very  best  configurations 
would  survive  in  direct  competition  with  fixed-wing  aircraft.  The  prominent  use  today  of  the  helicopter, 
in  the  absence  of  other  operational  VTOL  aircraft,  has  proven  that  the  ability  to  rise  vertically  and  hover 
efficiently  is  a  most  effective  attribute  in  maintaining  the  helicopter's  competitive  position. 

However,  this  efficient  hover  capability  is  obtained  at  the  expense  of  translating  the  aircraft 
through  the  air  with  the  plane  of  its  low  disc-loaded  rotor  nearly  parallel  to  the  freestream.  This  condi¬ 
tion,  as  lc  well  known,  leads  to  a  myriad  of  problems  which,  formerly,  were  either  generally  Ignored  or 
evaded  by  empiricism  and  engineering  approximation.  Many  compound  and  composite  configurations  have  been 
tried  to  improve  the  speed  and  performance  of  the  helicopter  to  approach  those  of  fixed-wing  aircraft  and 
a  few  new  concepts  are  still  subjects  of  research.  It  is  of  interest  to  note  that  these  use  either  very 
lightly  loaded  or  very  heavily  loaded  rotors  (e.g.,  tilt  ptopeller  or  lift  fan/lift  engine)  for  vettical 
flight  indicating  the  difficulty  of  combining  efficient  vertical  flight  and  efficient  forward  flight. 

It  is  evident  that  the  helicopter  not  only  enjoys  a  prominent  place  in  current  operational  aircraft 
inventories,  but  that  it  will  continue  to  be  prominent,  if  not  in  simple  form,  certainly  as  a  compound. 
Therefore,  it  is  logical  to  ask  what  is  being  done  to  maintain  or  improve  the  competitive  position  of 
helicopters. 

Without  repeating  the  detail  of  Professor  Jones'  eloquent  treat.se,  a  summary  of  the  major  points  of 
the  paper  is  in  order  to  establish  a  point  of  reference.  Perhaps  his  most  significant  conclusion  was  that 
the  field  of  rotor  aerodynamics,  including,  of  course,  dynamic  and  aeroelastlc  effects,  offers  the  most 
productive  area  of  research.  This  fact  arises  primarily  from  the  advent  of  the  shaft-turbine  engine  which 
permitted  fuselages  to  be  designed  in  an  efficient  aerodynamic  shape,  thus  reducing  the  large  parasite  drag 
resulting  from  earlier  configurations.  It  is  encouraging  to  see  many  rotorciaft  emergirg  that  clearly  show 
the  efforts  of  good  aerodynamic ists  who  have  finally  prevailed  over  the  cut-and-try  design  engineers  in 
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reducing  appendages  and  appurtenances  which  long  have  shocked  and  dismayed  f 'xed-wing-aircraf t  designers 
and  aerodynamic ists. 

Having  concluded  the  importance  of  rotor  aerodynamics,  Jones  assessed  the  basic  problem  areas  as 
emanating  from  the  following:  non-uniform  spanwise  loading  resulting  in  heavily  loaded  blade  tips;  need 
for  small  blades  to  minimize  profile  drag,  resulting  in  high  loading  coeff icienta;  variations  in  relative 
wind  magnitude  and  direction  with  azimuth  resulting  in  fluctuations  in  both  1 if u  and  pitching  moment; 
compressibility  effects  and  flow  separation  on  both  the  advancing  and  retreating  blades;  and  reverse  flow 
on  the  inboard  sections  of  the  retreating  blade  in  forward  flight.  It  was  concluded  that  these  problems 
were  extremely  difficult  to  resolve  because  the  available  theories  were  inadequate  This  inadequacy  was 
attributed  to  the  highly  nonlinear  properties  cf  fluid  flow  through  the  rotor  making  not  only  formulation 
difficult,  but  solution  so  complex  that  even  the  larger  high-speed  computers  were  taxed  beyond  capacity. 
Theories  of  1967  were  simplistic  in  nature  and  incapable  of  sophistication  to  account  properly  for  the 
nonlinear  flow  and  wake  Interactive  effects.  Thus,  a  new  comprehensive  theory  which  calculated  simultan¬ 
eously  nonlinear  aerodynamic,  aeroelastlc  and  dynamic  effects  was  indicated  as  required  if  real  progress 
was  to  be  made  in  pushing  forward  rotor  speed  and  efficiency. 

It  was  also  indicated  that  new  facilities  would  be  required,  along  with  new  experimental  techniques, 
to  validate  the  theories  generated.  Jones  felt  that  wind-tunnel  testing,  restricted  to  small  scale  and 
fixed  base,  was  incapable  of  scaling  and  simulating  the  dynamic  response  of  flight  and,  therefore,  he 
envlsionei  new  flight  techniques,  ground-rest  vehicles  and  highly  sophisticated  instrumentation.  Larger, 
specialized  computers  were  projected,  some  of  hybrid  design,  to  permit  simultaneous  solution  of  nonlinear, 
interactive  mathematical  formulations  and  for  coupling  simulations  to  actual  flight-vehicle  components. 

Finally,  Jones  sagely  observed  that  research  for  research  sake  would  not  always  be  valuable;  research 
should  only  be  pursued  as  a  buttress  for  engineering  improvement,  not  simply  for  a  new  generation  of 
vehicles  or  a  new  speed  range. 

What,  then,  four  years  later  is  the  state  of  rotor  aerodynamic  technology?  Has  the  aerodynamic is t , 
and  his  kinsman  the  aeroelastlc ian,  risen  to  the  challenge?  Has  the  designer  been  provided  with  new 
criteria  formulated  by  new,  sophisticated  mathematical  models  which  adequately  account  for  nonlinear  flow 
parameters,  wake  interaction  and  boundary  layer  characteristics?  Have  the  fundamental  arguments  of  two- 
dimensional  versus  seme-dimensional  models,  short  versus  long  bubble  transition  characteristics,  llfting- 
line/momentum  models  versus  lif  ting-surf  ace/ c  railing- •;dge-vort  ex  models  been  resolved?  Can  the  aerodyna¬ 
mics  at  or  near  the  separation  boundaries,  where  the  rotor  blade  usually  works  be  predicted?  Have  new, 
"transonic”  airfoil  sections  been  developed  to  offset  the  penalties  of  higher  lorward  speeds?  What  Is  the 
hope  for  more  efficient,  faster  helicopters,  simple  or  compound?  These  questions  form  the  basis  for  this 
paper. 


In  1926,  Glauert  developed  the  fundamental  rotor  theory  based  on  the  classical  blade  element  concept 
coupled  with  simple  momentum  equations.  A  year  later  Lock  added  the  supporting  analysis  tha<-  provided  the 
foundation  for  performance  predictions  of  rotors.  Even  so,  after  45  years  we  still  find  that  rotor  static 
thrust  cannot  be  well  predicted,  that  the  operational  limits  of  rotors  are  still  not  clearly  defined,  and 
that  the  vibration  and  acoustic  excitations  of  rotors  cannot  be  accurately  quantified.  The  fact  is  that 
not  until  the  last  ten  years,  and  particularly  the  last  four,  has  any  real  progress  been  made  in  the  basic 
understanding  of  the  rotor  performance  problem. 

Over  twenty  approximations  entered  into  the  establishment  of  the  original  blade  element  concept.  As 
is  indicated  in  Figure  1,  these  constraints  were  removed  very  slowly  over  the  years  until  the  Introduction 
of  high-speed  computers  which  provided  the  capability  to  model  the  problem  in  the  required  detail  and  to 
process  the  vast  amount  of  data  necessary  to  understand  the  test  results  and  to  correlate  them  with  analy¬ 
ses.  Although  there  lias  been  substantiated  improvement  in  the  theory  for  predicting  rotor  performance, 
much  remains  to  achieve  a  satisfactory  level  of  understanding.  The  limitations  still  remaining  in  the 
mathematical  representation  of  the  problem  appear  to  be  associated  largely  with  the  inadequate  model  of 
the  rotor  wake  and  with  the  lack  of  consideration  for  the  effects  of  three-dimensionality  of  the  flow 
field  and  unsteady  viscous  effects  in  the  boundary  layer.  The  complex  array  of  parameters  is  still  too 
difficult  to  consider  in  its  entirety,  even  with  modern  high-speed  computing  equipment.  Computer  programs 
are  available  or  are  being  developed  which  separately  represent  considerations  such  as  free  wake,  variable 
Inflow,  unsteady  aerodynamics,  and  tip  effects.  However,  each  of  these  is  a  large  and  time  consuming  pro¬ 
gram  to  run.  At  present,  there  is  r.ot  a  single  program  which  combines  all  of  those  elements  required  for 
satisfactoty  prediction  of  performance  or  maneuvering.  The  evolution  of  computers  such  as  ILLIAC  IV  now 
being  developed,  capable  of  simultaneous  solution  of  nonlinear  equations,  might  offer  the  needed  capability. 

With  the  helicopter  becoming  larger  and  more  complex  and  the  cost  of  development  testing  growing 
correspondingly,  it  is  becoming  increasingly  Imperative  that  analytical  tools  be  made  available  to  design 
engineers  to  enable  them  to  make  reliable  predictions.  Consequently,  simple  actuator-disc  methods  of 
predicting  performance  have  been  replaced  by  complex  wake  models  attempting  to  represent  the  details  of  the 
wake  and  the  vortex  trajectories.  Lifting-surface  representations  are  currently  under  development  for  the 
blade  aerodynamics.  Many  studies  are  beins  pursued  in  an  attempt  to  understand  the  fundamental  mechanisms 
of  the  rotor-blaJe  boundary  layer.  However,  most  efforts  still  are  directed  toward  the  operational  evalua¬ 
tion  of  a  particular  concept  or  configuration  rather  than  the  acquisition  of  future  technology.  Applica¬ 
tions  requirements  have  driven  the  work  that  did  not  await  technological  development,  with  relatively  little 
consideration  given  to  research  aimed  at  understanding  the  phenomena  and  to  devolopment  of  analytical 
methods  for  predicting  the  aerodynamic  forces  and  moments. 

The  continued  lack  of  understanding  of  the  basic  mechanisms  largely  is  responsible  for  current 
limitations  on  the  operational  capabilities  of  rotors. 

’a  the  opinions  of  the  authors,  the  most  serious  constraints  on  the  performance  of  rotary-wing  air¬ 
craft  today  are  the  following: 

1.  Aerodynamic  limitations  leading  to  excessive  power  demands,  loss  of  lift  and  propulsive  capability, 
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and  loss  <f  maneuverability  due  to  saturation  of  control  range. 

2.  Unsatisfactory  stability  characteristics  and  handling  qualities,  and, 

3.  Restrictions  imposed  by  vibration  and  fatigue  considerations. 

These  problems  all  emanate  from  rotor  aerodynamic  phenomena.  Today's  rotor  systems  still  are  all  limited 
in  their  operating  welght/speed/altltude  envelope  by  inadequate  propulsive  force,  loss  of  controllability 
or,  most  frequently,  by  some  manifestation  of  aerodynamic  stall  effects.  It  is  not  possible  to  understand 
these  limitations  without  an  accurate  definition  of  the  airflow  passing  through  the  rotor  system  and  an 
understanding  of  the  characteristics  of  the  airfoil  operating  in  that  environment.  Although  many  important 
studies  directed  toward  this  goal  have  been  made  in  the  past  four  years,  much  remains  to  be  done.  Some  of 
the  more  significant  work  is  reviewed  below. 

THE  ROTOR 

A  helicopter  blade  in  the  process  of  making  one  complete  revolution,  encounters  a  rapidly  varying 
aerodynamic  environment  due  to  the  varying  relative  magnitudes  of  the  forward  flight  and  rotational  velo¬ 
cities,  a  complicated  induced  flow  field  resulting  from  the  rotor  wake  system,  spanwlse  flow  due  to  blade 
yaw  as  well  as  Coriolis  and  centrifugal  forces,  and  the  control  and  elastic  motions  of  the  blade.  The 
prediction  of  this  flow  field  is  difficult  because  of  the  complexity  of  the  wake  and  the  unsteady  effects. 
The  recent  development  of  variable  inflow  methods,  using  classical  lifting-line  analysis,  represent  a 
considerable  Improvement  in  the  state  of  the  art,  but  they  still  do  not  permit  airload  distributions  and 
associated  bending  moments  to  be  predicted  with  the  degree  of  accuracy  desired  for  detailed  blade  design. 
One  of  the  principal  assumptions  limiting  the  accuracy  of  these  Uieories  regards  the  geometry  of  the  wake. 
In  the  prescribed-wake  analysis,  a  particular  wake  model  is  assumed,  generally  a  helical  sheet  made  up  of 
discrete  vortex  filaments  or  a  system  of  vortex  rings,  and  the  circulation  strengths  and  Inflows  at  the 
disc  aret determined  consistent  with  this  wake  model.  There  is,  however,  considerable  experimental  evidence 
that  it  Is  not  enough  to  assume  a  semi-empirical  wake  shape  for  a  particular  blade,  but  that,  if  accurate 
prediction  of  Inflow  velocity  and  performance  is  desired,  the  precise  path  of  the  tip  vortex,  particularly 
its  separation  and  radius  as  it  passes  under  the  following  blade,  must  be  known  (see,  e.g.,  Ref.  1). 

The  accuracy  of  the  airloads  in  current  calculations  is  limited,  in  part,  by  the  use  of  lifting-line 
theory  which  is  not  valid  for  the  large  variations  of  the  downwash  along  the  span  associated  with  a  nearby 
vortex.  The  more  accurate  lifting-surface  theory  is  needed  to  obtain  the  vortex-induced  airloading.  This 
prob.am  has  been  investigated  by  Johnson  [2].  Although  the  lifting-surface  solution  has  been  shown  to  be 
superior  to  the  lifting-line  theory  in  the  calculation  of  vortex-induced  loads  on  a  simplified  blade-vortex 
configuration,  the  use  of  the  lifting-surface  solution  in  the  calculation  of  helicopter  rotor  airloads  is 
of  doubtful  value  until  many  other  problems  are  resolved  A  very  accurate  wake  geometry  model  is  required 
in  order  to  make  fuxl  use  of  the  accuracy  of  the  lifting-surface  solution. 

Even  if  the  flow  field  Induced  by  the  rotor-wake-vortex  system  is  assumed  to  be  known,  we  are  still 
confronted  with  predicting  the  characteristics  of  lifting  elements  operating  in  compressible  flow  and 
executing  complex  unsteady  motions  into  stall.  Unsteady  effects  arise  not  only  from  the  angle  of  attack 
variations,  but  also  from  variations  in  blade  sweep  angle  and  local  velocity  [3,4].  Before  the  airfoil 
designer  can  go  to  work,  he  needs  to  know  the  requirements  to  which  he  should  design  his  new  airfoil,  and 
he  has  to  know  what  features  are  most  desired  in  case  he  cannot  achieve  all  the  goals  simultaneously.  This 
puts  the  burdeu  on  the  rotor  aerodynamlcist  who  is  soon  embarrassed  by  these  questions.  Airfoil  design 
will  be  a  compromise  to  meet  conflicting  requirements  imposed  by  hovering  performance  and  figure  of  merit, 
"g"  capability  the  potential  stall  environment  of  the  retreating  side  and  the  high-speed  environment  of 
the  advancing  ride. 

Considerable  evidence  exists  that  two-dimensional,  static  airfoil  data  are  totally  Inadequate  for 
purposea  of  predicting  rotor  system  behavior.  Moreover,  the  substantial  gain  in  rotor  system  performance 
capability  produced  by  the  introduction  of  cambered  airfoils  provides  one  positive  piece  of  empirical  data 
to  indicate  the  magnitudes  of  the  performance  improvements  that  might  be  achieved  by  developing  airfoils 
specifically  tailored  to  the  rotor  performance  requirements.  The  main  effect  of  introducing  leading-edge 
camber  is  that  the  maximum  lift  coefficient  is  increased  without  adversely  affecting  any  of  the  other 
characteristics.  Another  recent  and  Important  development  has  been  the  Introduction  of  spanwlse  profile 
variation  and  its  combination  wltt  planform  variation.  Thln-tlp  blades  and  blade  tip  sweep  have  markedly 
Improved  performance  as  shown  by  Spivey  [5,6} ,  mainly  because  the  formation  of  shock  waves  on  the  advancing 
blade  tip  is  delayed.  Airfoil  design  methods  have  recently  become  available  which  permit  analytical  opti¬ 
mization  of  performance  at  selected  operating  conditions  with  one  airfoil.  Given  this  capability,  the 
helicopter  designer  can  specify  airfoil  requirements  in  relation  to  the  aircraft's  performance  and  opera¬ 
tion  [7].  However,  these  techniques  cannot  yet  address  the  usual  limiting  factor  on  speed  and  lifting 
capability  of  contemporary  helicopters  -  blade  stall. 

As  aircraft  speed  or  weight  lc  increased  until  the  retreating  blade  exceeds  its  stall  limit,  rapid 
Increases  in  blade  loads,  control  loads,  or  rotor  horsepower  occur.  Attempts  to  predict  these  effects  by 
using  steady  flow  airfoil  characteristics  in  strip  theory  analyses  have  been  unsuccessful.  The  onset  of 
stall  is  predicted  too  early.  Under  conditions  where  rotor-blade-section  angles  of  attack  are  predicted 
to  exceed  steady-state  stall  values,  the  theories  have  invariably  predicted  conservative  stall  character¬ 
istics;  that  is,  the  blade  develops  far  more  lift  and  has  a  very  different  value  of  drag  than  would  be 
obtained  for  static  two-dimensional  flow  conditions.  Figure  2  illustrates  some  of  the  more  recent  data. 

The  "stall  limit"  lines  are  actually  limits  of  validity  of  the  theory,  even  though  stall  and  Mach  number 
are  included  in  the  calculations.  Both  the  lilt  for  a  given  angle  and  the  power  for  a  given  lift  are,  in 
this  case,  much  more  favorable  than  is  theoretically  predicted.  There  is  no  significance  in  the  angle-of- 
attack  shift  between  the  theoretical  and  measured  data  below  the  stall  limits  in  Figure  2.  Only  the  slope 
differences  above  the  stall  limit  are  of  interest  here. 

It  is  now  well  established  that  classical  rotor  theories  are  incapable  of  predicting  overall  rotor 
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performance  characteristics  In  stall  (see,  e.g. ,  Ref.  8).  The  ability  of  the  rotor  to  experimentally  disre¬ 
gard  the  classical  presumptions  of  blade  stall  is  shown  in  Figure  2.  Since  blade  stall  limits  the  perform¬ 
ance  of  the  helicopter  because  of  increased  power  requirements,  aircraft  roughness,  vibration,  and  control 
loads,  a  knowledge  of  the  flow  separation  mechanism  by  which  rotor  blade  stall  develops  Is  needed;  however, 
blade  stall  depends  on  the  nature  of  the  boundary  layer  which  exists  on  the  airfoil,  and  rotor  boundary  layers 
are  so  complex  that  only  recently  have  investigations  into  their  nature  been  undertaken  [9,10,11]. 

Current  efforts  to  Improve  the  performance  of  rotary-wing  aircraft  have  resulted  in  an  Increased 
Interest  in  understanding  the  role  of  viscous  effects  in  these  applications.  The  US  Army  Air  Mobility  R&D 
Laboratory  has  undertaken  a  long  range  study  concerning  the  fundamental  nature  of  boundary-layer  flows  on 
rotors  and  propellers,  and  how  these  boundary  layers  can  differ  from  the  more  familiar  two-dimensional 
viscous  flows  around  translating  bodies. 

McCroskey  [12]  measured  the  laminar  separation,  transition  to  turbulence,  and  surface  streamline 
directions  on  helicopter  rotor  blades  in  a  variety  of  rotating  and  nonrotating  configurations.  The  results 
of  these  tests  indicate  that  the  centrifugal  effects  of  rotation  do  not  significantly  alter  the  boundary- 
layer  development  for  most  operating  conditions.  Laminar  separation  bubbles  were  observed  near  the  leading 
edge  of  the  upper  surface  of  the  blades  at  moderate  and  large  angles  of  attack  and  this  phenomenon  triggered 
a  sudden  transition  to  turbulent  flow.  Surface  streamline  patterns  were  found  to  be  the  same  for  both  lam¬ 
inar  and  turbulent  flows. 

McCroskey' s  boundary-layer  experiments  indicated  that,  for  the  suction  surface  of  typical  helicopter 
rotors,  the  transition  from  laminar  to  turbulent  flow  is  dominated  by  the  chordwise  adverse  pressure  gra¬ 
dient  and  a  conventional  laminar  separation  bubble  rather  than  by  Reynolds  number,  rotational,  or  cross- 
flow  effects.  However,  this  Investigation  completely  ignored  any  unsteady  effects  and  little  was  learned 
about  the  actual  mechanisms  of  stall  on  the  rotating  blades. 

More  recently,  Dwyer  and  McCroskey  [13]  addressed  analytically  and  experimentally  the  problem  of 
boundary-layer  flow  over  a  helicopter  rotor.  The  limitations  of  their  results  are  the  following; 

1.  Separation  results  have  been  obtained  for  rotating,  three-dimensional  steady  flows  and  for  two- 
dimensional,  unsteady  flows,  but  not  for  the  complete  helicopter  rotor  problem  of  three-dimensional, 
unsteady  flows. 

2.  Complete  solutions  for  the  potential  flow  which  serve  as  boundary  conditions  at  the  outer  edge  of 
the  boundary  layer  are  not  available  at  this  time  and  therefore  the  solutions  of  Sears  [14]  and  McCroskey 
and  Yaggy  [15]  for  infinite  blades  with  constant  circulation  had  to  be  used,  and 

3.  The  flow  has  not  been  calculated  for  blades  with  oscillating  changes  in  angle  of  attack. 

Nevertheless,  within  these  limitations,  the  roles  of  the  various  physical  effects  have  been  identified  and 
the  laminar  flow  on  rotating  blades  is  now  well  understood.  The  centrifugal  force  effect  appears  to  be  the 
least  Important  for  helicopter  rotor  blades.  The  most  Important  effects  appesr  to  be  time  derivatives  and 
crossflow  derivatives.  Also  important  are  Coriolis  forces  and  apparent  pressure  gradients  Induced  by  the 
potential  crossflow.  For  a  helicopter  blade  in  forward  flight  there  is  a  substantial  lnvlscld  crossflow 
due  to  translation  and,  therefore,  the  boundary  layer  generally  resembles  the  viscous  flow  over  a  awept 
wlcg.  It  appears  quite  possible  that  the  major  three-dimensional  and  unsteady  Influences  that  affect  the 
separation  and  stall  characteristics  of  actual  rotors  occur  in  the  turbulent  regions  of  the  boundary  layer 
rather  than  in  the  laminar  flow.  The  correct  flow  model  probably  is  a  small  region  of  essentially  quasi- 
steady,  two-dimensional  laminar  flow  followed  by  a  three-dimensional,  unsteady  flow  that  has  its  initial 
conditions  in  a  chordwise  direction  determined  by  a  classical  separation  bubble  (see  Figure  3). 

Of  course,  the  boundary-layer  characteristics  that  actually  prevail  depend  upon  the  flow  field  in 
which  the  rotor  is  operating.  In  forward  flight,  the  flow  environment  of  the  blade  results  from  the  com¬ 
bined  effects  of  the  angular  velocity  of  the  rotor,  the  forward-flight  velocity,  the  Induced  velocity  of 
the  wake,  and  the  downwash  vorticlty  due  to  the  wake  of  the  previous  blade.  The  angular  velocity  causes 
the  rotational  effects  on  the  blade  such  as  the  Coriolis  and  centrifugal  forces  that  arise  in  blade-fixed 
coordinates.  The  forward  velocity  combined  with  the  rotational  motion  causes  the  flow  over  a  rotor  to  be 
unsteady.  The  inflow  velocity  Influences  the  local  angl’1  of  attack  and  the  slipstream  contraction  and  the 
trailing  vorticity  in  the  wake  from  the  preceding  blade  can  produce  locally  large  changes  in  the  flow 
direction  and  angle  of  attack  that  are  important  in  the  boundary  layer  as  well  as  in  the  potential  flow. 

THE  ROTOR  WAKE 

in  all  the  areas  discussed  above,  the  rotor  wake  has  been  the  single  item  that  has  occurred  repeatedly 
in  discussions  of  the  ability  to  predict  rotary-wing  behavior.  The  rotor  wake  has  a  major  influence  on 
almost  all  aspects  of  rotary-wing  aerodynamics.  Until  the  details  of  the  rotor  wake  are  well  understood, 
it  will  not  be  possible  to  predict  satisfactorily  the  behavior  of  rotary-wing  aircraft. 

The  importance  of  the  vortex  shed  by  rotor  blades  in  determining  the  performance  of  the  rotor  has 
long  been  recognized.  For  the  three-dimensional  wing  in  rectilinear  motion,  the  vortex  extends  downstream 
from  the  trailing  edge  to  infinity.  The  induced  flow  from  the  sheet  is  small  relative  to  the  freestream 
and  its  exact  location  is  not  too  important  in  calculating  the  downwash  at  the  wing.  However,  the  wake 
from  a  helicopter  remains  close  below  the  rotor  disc  and  a  large  portion  of  the  velocity  at  the  rotor  disc 
is  Induced  by  the  wake.  The  first  attempt  to  calculate  the  vortex  wake  was  made  by  Goldstein  [16]  who 
assumed  that  the  vortex  wake  was  a  regular  helical  surface  and  obtained  a  solution  for  the  velocity  poten¬ 
tial  of  a  cylindrical,  helical  vortex  sheet.  His  analysis  gives  good  r. suits  for  very  lightly  loaded  rotors 
or  propellers.  Lock  [17]  extended  Goldstein's  solution  to  take  account  of  the  variation  of  load  with 
radial  distance  on  the  rotor  blade.  However,  the  classical  wake  theory  used  in  predicting  the  behavior  of 
lightly  loaded  rotors  is  not  applicable  to  the  more  highly  loaded,  higher-speed  modern  rotors.  Modifica¬ 
tions  of  the  classical  wake  have  been  devised  in  order  to  make  the  wake  models  conform  more  to  the  actual 
rotor  wake. 
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When  the  loading  for  a  rotor  varies  with  azimuth  angle,  the  vortex  sheet  contains  vortices  shed 
parallel  to  the  trailing  edge  as  well  as  trailing  vor  -u  xlnes  in  the  flow  direction.  Early  attempts  to 
account  for  the  unsteady  aerodynamic  effects  assumed  a  rigid  wake;  that  is,  t  wake  convected  with  the  free 
stream  velocity  and  the  average  induced  flow  through  the  rotor  computer  by  momentum  theory.  For  a  heli¬ 
copter  in  horizontal  flight,  this  assumption  leads  to  a  helical  surface  skew'd  by  the  angle  whose  tangent 
is  equal  to  the  ratio  of  the  average  flow  through  the  rotor  disc  and  the  spend  of  horizontal  flight.  The 
normally  skewed,  helical-type  vortex  wake  for  a  helicopter  in  forward  flight  was  replaced  by  spaced  rec¬ 
tangular  vortex  sheets  by  Willmer  [18]  and  also  by  Molyneux  [19]. 

To  treat  the  helicopter  in  hover  over  a  ground  plane,  Brady  and  Crlml  [20],  represented  the  tip  vor¬ 
tex  wake  by  a  series  of  Helmholz  finite-core  ring  vortices  issuing  periodically  from  a  reference  plane 
above  the  ground  plane.  To  satisfy  the  ground-plane  boundary  conditions,  images  of  the  ring  vortices  were 
added  to  the  solution.  Unlike  the  wakes  described  by  previous  investigators,  the  effect  of  the  induced 
velocity  of  the  wake  on  its  own  motion  was  taken  into  account.  Parameters  of  the  ring-vortex  systems  such 
as  the  time  between  the  issuing  of  adjacent  rings  and  the  circulation  were  identified  with  parameters  of 
the  rotor  such  as  the  rotational  rate  of  the  rotor  and  the  rotor  blade  lift. 

All  of  these  techniques  were  attempts  to  represent  the  true  vortex  wake  below  the  helicopter  rotor 
disc  by  models  which  yield  simple  integrals  requiring,  at  moat,  numerical  quadrature.  These  theories 
predict  many  of  the  phenomena  observed  in  helicopter  rotor  response  and  yield  approximations  to  thrust  and 
to  the  trends  in  the  variation  of  certain  parameters.  With  the  development  of  high-speed,  high-capacity 
computers,  more  realistic  approximations  to  the  rotor  wake  were  attempted.  Pizlali  and  DuWaldt  [21,22] 
assumed  that  the  shed  and  trailing  vortices  retain  the  individual  velocities  with  which  they  leave  the 
t. ailing  edge.  Since  this  procedure  neglects  interaction  of  the  vortices  with  their  own  motions,  the 
rolling  up  of  the  vortex  sheet  is  accounted  for  by  arbitrarily  replacing  the  vortex  sheet  by  two  trailing 
vortices  in  the  far  wake.  This  prescribed-wake  analysis  yields  somewhat  improved  results  :,'t  non-unlformly 
loaded  rotors,  particularly  for  forward  flight  where  the  free  stream  velocity  is  large  compared  to  induced 
velocities  and  the  wake  is  convected  away  from  the  rotor.  However,  for  a  helicopter  hovering  or  ascending 
in  a  small  crosswind,  this  wake  model  does  not  predict  the  performance  with  satisfactory  accuracy.  It  was 
assumed  that  the  wake  is  well  behaved  and  any  possibility  of  direct  interference  between  a  near  wake  and 
the  blades  was  ignored.  Figure  4  shows  the  large  discrepancy  betveen  the  actual  power  required  for  a  given 
thrust  of  a  hovering  rotor  and  that  predicted  by  either  the  Goldsteln-Lock  analysis,  the  momentum  strip 
theory,  or  the  prescribed-wake  model.  Jones  and  Noak  [23]  reported  on  a  study  that  was  made  to  determine 
the  paths  followed  by  the  vortices  trailing  from  the  blade  tips  of  a  hovering  rotor  using  continuous  smoke 
(mission  for  flow  visualization.  The  positions  of  the  vortex  cores  were  measured  and  indicated  that  the 
wake  contraction  of  not  a  smooth  process.  The  trailing  vortex  remains  substantially  in  the  plane  of  rota¬ 
tion  until  the  close  approach  of  the  following  blade  and  there  is  clear  evidence  showing  significant  depar¬ 
tures  from  the  traditionally  assumed  helical  tip  trail. 

Crlml  [24]  attempted  to  develop  a  more  realistic  wake  using  finite-core  vortices  with  the  core  size 
determined  by  conservation  of  kinetic  energy  assuming  a  linear  distribution  of  vorticlty  in  the  core. 

From  observations  of  smoke  studies  which  indicate  that  the  vortex  sheet  rolls  up  into  a  strong  tip  vortex 
in  a  few  chord  lengths  beyond  the  trailing  edge,  and  that  the  Inboard  vortex  rises  through  the  rotor  disc 
and  dissipates,  Crimi  assumed  that  the  wake  could  be  represented  with  sufficient  accuracy  by  a 
single  tip  vortex.  A  classical  wake  of  straight-line  segments  is  first  calculated  using  momentum  theory 
for  predicting  the  motion  of  tip  vortices.  Tne  vorticlty  of  each  tip  vortex  segment  is  assigned  a  strength 
equal  to  the  maximum  circulation  on  the  rotor  blade  at  the  instant  it  is  shed.  The  wake  is  then  allowed  to 
move  with  the  combined  velocity  of  the  free  stream  and  the  total  induced  velocity  including  that  due  to  the 
wake.  The  calculations  of  the  wake  motion  are  continued  until  the  wake  becomes  periodic.  Criml's  predicted 
wake  trailing  behind  a  two-bladed  rotor  in  forward  flight  (Figure  5)  shows  substantial  distortion  relative 
to  the  skewed  helix  which  he  attributes  partially  to  the  perspective  and  the  rest  to  the  integration  incre¬ 
ment  chosen.  This  wake  model  was  also  presented  by  Jones  in  his  1967  review  [1]. 

The  single  tip  finite-core  vortex  model  of  Crlml  does  not  adequately  describe  the  flow  at  the  rotor 
disc  because  it  neglects  the  effect  of  rolling  up  of  the  vortex  sheet  at  the  trailing  edge  of  the  rotor. 

The  most  recent  attempt  to  develop  a  method  for  computing  the  vortex  wake  was  made  by  Clark  and 
Leiper  [3].  They  represent  the  rotor  by  bound  vortices  made  up  of  two-dimensional  segments.  At  each  dis¬ 
continuity,  single  vortex  filaments  trail  behind  the  rotor  at  the  local  velocity.  A  classical  waka  is 
constructed  similar  to  that  of  Plziall  and  DuWaldt  [21]  which  is  allowed  to  move  with  its  own  induced 
velocity  as  well  as  with  the  free  stream  and  the  induced  velocity  of  the  wing  bound  vorticlty.  The  rolling 
up  of  t'-a  vortex  sheet  to  form  a  strong  tip  vortex  is  not  considered  as  all  filaments  shed  from  the  rotor 
blade  trailing  edge  are  retained  throughout  the  calculations.  However,  because  the  wake  interaction  is 
taken  Into  account  in  the  calculations,  the  wake  is  observed  to  roll  up  along  the  outside  spiral.  The 
helical-type  sheet  moves  downward  very  slowly  near  the  axis  and  appeara  to  reverse  direction  to  move  up¬ 
ward  through  the  rotor  disc. 

This  free-wake  analysis  was  used  to  predict  the  hovering  performance  of  the  Sikorsky  CH-S3A  rotor  at 
high  thrust  level.  The  results  are  summarized  in  Figures  4  and  6.  Figure  4  shows  a  comparison  between 
measured  performance  and  the  performance  calculated  using  the  free-wake  analysis  and  other  existing  tech¬ 
niques.  The  results  of  the  free-wake  analysis  shows  considerably  improved  correlation  with  the  experimental 
data. 


A  clear  indication  of  the  significance  of  the  close  passage  of  the  tip  vortex  from  the  preceding 
blade  is  found  in  the  distribution  of  loc-.l  angle  of  attack  along  the  blade  (Figure  6).  The  interfering 
vortex  induces  a  large  decrease  in  angle  of  attack  inboard  of  the  interference  radius,  and  a  corresponding 
increase  outboard.  The  interference  effect  is  significant  when  compared  with  the  distribution  of  angle  of 
attack  predicted  using  blade  element  theory.  The  large  peak  in  the  uistrlbutlon  of  profile  power  shown  in 
Figure  6  is  associated  with  the  vortex-induced  angle  of  attack  increase  and  is  characteristic  of  an  airfoil 
operated  well  beyond  the  critical  point.  The  blade  outboard  of  the  interference  radius  is  obviously  stalled 
and  the  flow  separated.  This  conclusion  was  supported  by  tuft  pictures  taken  during  whirl  tests. 


I.ie  free-wake  analysis  of  Clark  and  Lelper  appears  to  be  the  method  which  most  nearly  takes  adequate 
account  of  the  Influence  of  the  wake-induced  velocity  on  the  position  of  the  wake  Itself.  However,  the 
extremely  costly  calculation  times  required  by  this  method  preclude  Its  extensive  use  In  the  design  of 
helicopter  rotors.  Research  Is  needed  to  develop  a  method  that  is  computationally  simple-  to  that  of  Clark 
and  Lelper  but  more  general  than  that  of  Crimi. 

DYNAMIC  AIRLOADS 

The  wake-induced  velocities  at  the  rotor  disc  are  primary  factors  in  the  establishment  of  the  un¬ 
steady  flow  environment  of  the  rotor  blade  and,  hence  of  its  dynamic  airloads.  This  is  indicated  by  the 
theoretical  local  angle-of-attack  distribution  based  on  a  variable  inflow  model  compared  with  that  based  or. 
a  uniform  inflow  model  shown  in  Figure  7.  Not  only  do  these  effects  manifest  themselves  directly  as  con¬ 
tributions  to  the  higher  harmonic  airloads  but  more  Importantly,  they  provide  the  environment  for  dynamic 
stalling  of  the  rotor  blade. 

Rotor  blade  stall  is  a  dynamic  phenomenon  associated  with  the  rapidly  changing  angle  of  attack  that 
characterizes  a  helicopter  rotor  blade  as  it  traverses  the  rotor  disc,  particularly  on  the  retreating  side 
of  the  disc  at  high  advance  ratios  (Figu’e  7).  The  Importance  of  the  concept  of  dynamic  stall  for  a  rotor 
operating  at  high  forward  speed  is  that  the  blade  stalls  at  a  time  when  the  rate  of  change  of  angle  of 
attack  is  very  high  (Figure  7)  and  the  lifts  and  moments  initially  are  several  times  larger  than  the 
corresponding  static  stall  values.  As  indicated  in  Figure  8,  the  inability  of  the  quasi-static  stall 
theory  to  predict  rotor  lift  for  a  given  pitch  control,  shaft  tilt,  and  advance  ratio  is  responsible  for 
the  poor  correlation  between  theoretical  and  measured  performance  when  blade  stall  is  prevalent.  Not  only 
does  the  nonsteady  penetration  of  stall  alter  the  lift  characteristics  of  the  airfoil  but  it  also  alters 
the  moment  characteristics.  Ham  and  Young  [25]  have  shown  that  negative  aerodynamic  damping  of  blade 
torsional  vibration  can  occur  during  dynamic  stall.  Such  torsional  vibrations  Increase  the  torsional 
stresses  in  the  blade  to  the  point  where  they  are  sufficiently  severe  to  reduce  the  fatigue  life  of  rotor 
mechanical  components. 

Recently  several  Investigators  have  studied  the  problem  of  predicting  the  aerodynamic  loads  on  a 
blade  section  undergoing  dynamic  stall.  Ham  [26]  has  represented  the  dynamic  stall  process  by  the  shedding 
of  a  concentrated  vortex  from  the  airfoil  leading  edge  and  has  developed  a  theory  based  on  this  model. 
Ericsson  and  Reding  [27],  on  the  other  hand,  have  developed  an  analytical  method  by  which  airfoil  static 
aerodynamic  data  might  be  used  to  predict  the  unsteady  variations  in  airfoil  lift  and  moment. 

While  methods  such  as  these  might  be  useful  in  making  predictions  of  unsteady  aerodynamic  effects, 
they  do  not  go  to  the  root  of  the  problem.  Basically,  stall  is  a  phenomenon  whirh  is  related  directly  to 
boundary  layer  separation  and  any  complete  analysis  of  stall,  either  steady  or  unsteady,  must  include  the 
effect  of  boundary  layer  separation. 

Recently  acquired  oscillatory  aerodynamic  data  such  os  those  presented  by  Gray  and  Lliva  [28]  are 
illustrated  in  Figure  9.  The  comparison  of  the  static  and  dynamic  characteristics  shown  in  this  figure 
demonstrates  very  clearly  that  proper  lift  and  moment  behavior  of  the  airfoil  can  only  be  determined  dyna¬ 
mically.  The  dynamic  stall  characteristics  of  symetrlcal  and  cambered  eleven-percent  and  slx-percent- 
thlckness-ratio  helicopter  rotor  blade  airfoils  have  been  determined  in  a  two-dimensional  wind  tunnel.  The 
airfoils  were  oscillated  in  pitch  about  the  quarter  chord.  Mach  number,  Reynolds  number  and  the  reduced 
frequency  corresponded  to  those  of  a  full-scale  helicopter  rotor  blade  on  the  retreating  side  of  the  rotor 
disc.  All  the  airfoils  exhibited  dynamic  Increases  in  the  maximum  normal-force  coefficients  compared  to 
their  static  values.  The  dynamic  Increase  in  the  maximum  normal-force  coefficient  is  highly  dependent  on 
Mach  number  and  becomea  very  small  at  Mach  numbers  greater  than  0.6.  There  are  regions  of  negative  damping 
for  angles  of  attack  near  stall  and  for  Mach  numbers  below  0.6.  Symmetrical  airfoils  have  a  wider  range 
and  an  earlier  inception  of  instability  than  the  cambered  airfoils. 

The  negative  aerodynamic  damping  is  caused  by  time  lag  (hysteresis)  effects  in  the  blade  pitching 
moment  versus  angle-of-attick  relation  and  can  result  in  large  torsional  blade  deflections  and  large  con¬ 
trol  loads.  The  existence  of  excessive  torsional  loads  feeding  into  the  control  system  is  a  primary  limita¬ 
tion  on  rotor  operation.  It  is  a  direct  result  of  the  dynamic  stalling  of  a  large  portion  of  the  blade  and 
is  commonly  called  "stall  flutter".  Tarzanln  [29]  has  developed  a  seml-emplrlcal  aeroelastlc  theory  that 
clearly  demonstrates  the  fundamental  dependence  of  stall  flutter  on  the  dynamic  stall  delay.  The  effects 
of  varying  stall  delay  are  illustrated  in  Figure  10.  Calculated  moment-coefficient  hysteresis  loops,  with 
and  without  dynamic  stall  delay  are  shown  for  an  airfoil  in  a  constant  flow  field  oscillating  with  an 
amplitude  of  five  degrees  about  a  mean  angle  of  attack  of  fourteen  degrees.  These  results  show  that  the 
regions  of  negative  damping  (shaded  area)  decrease  as  the  stall  delay  is  eliminated.  A  comparison  of  the 
calculated  pitch-link-load  waveform,  with  and  without  stall  delay  in  the  lift  and  pitching  moment,  is  also 
shown  in  Figure  10.  The  introduction  of  dynamic  stall  delay  not  only  greatly  increases  the  load:,  but  also 
dramatically  changps  the  waveform  with  the  appearance  of  stall  spikes. 

Harris,  Tarzanln,  and  Fisher  [8]  formulated  an  empirical  approach  to  evaluate  the  unsteady,  three- 
dimensional  aerodynamic  effects  on  the  rotor  stalling  process.  This  entailed  a  pure  analog  computer  simu¬ 
lation  that  was  an  extens'on  of  work  performed  by  Jeffrey  Jones  [30].  The  simulation  contained  rigid  blade 
ilapplng,  coupled  first  modes  of  flap  bending-torsion,  uniform  downwash,  reverse  flow,  and  several  small- 
angle  assumptions.  Figure  11  shows  considerable  improvement  in  the  correlation  with  the  engineering 
approximation  to  unsteady,  three-dimensional  blade  stall  effects  in  predicting  rotor  lift  characteristics 
for  a  given  pitch  control  and  shaft  tilt.  Not  only  were  they  able  to  show  improvement  in  the  prediction 
of  rotor  lift,  even  though  extensive  regions  of  stall  were  present,  but  also  good  correlation  was  achieved 
in  the  prediction  of  the  rotor  lift-effective  drag  polar  as  is  evidenced  in  Figure  12.  The  improvement  in 
prediction  capability  apparently  is  attributable  to  both  spanwise  flow  effects  and  unsteady  aerodynamics. 

Although  this  engineering  approach  resulted  in  improved  rotor  performance  prediction,  the  double 
Integration  of  the  local  airloads  involved  tends  to  average  out  competing  factors  in  the  approximations  to 
the  sectional  characteristics.  Therefore,  it  is  reasonable  to  ask  whether  the  blade  element  airload  char¬ 
acteristics  predicted  by  this  method,  such  as  those  shown  in  Figure  13,  do  Indeed  represent  the  sectional 


characteristics  in  the  actual  rotor  environment.  The  most  unusual  features  of  the  empirically  predicted 
sec t ion. '.1  airloads  are  in  the  regions  where  classical  airfoil  data  would  exhibit  stall  phenomena.  Measure¬ 
ments  <ade  at  MIT  of  the  differential  pressures  on  a  typical  model  rotor  blade  as  it  experienced  stall 
during  hovering  tests  revealed  that  «  large  suction  peak  originated  near  the  blade  leading  edge  as  the 
blade  approached  its  maximum  nose-up  position  and  then  moved  aft  toward  the  blade  trailing  edge  as  the 
blade  started  its  nose-down  motion.  It  was  suggested  that  the  motion  of  this  large  suction  peak  was  indi¬ 
cative  of  the  shedding  of  Intense  vorticlty  from  the  vicinity  of  the  blade  leading  edge  as  dynamic  stall 
occurred.  Subsequent  experiments  with  a  two-dimensional  airfoil  undergoing  high  lirear  rates  of  change  of 
angle  of  attack  substantiated  that  the  maximum  dynamic  lift  achieved  was  considerably  higher  than  the 
maximum  static  lift.  In  addition,  the  results  of  these  tests  were  compared  with  the  corresponding  dynamic 
lift  variations  synthesized  by  Carta  from  «xperlmental  oscillating  airfoil  data.  The  siguific*-.,.  differ¬ 
ence  suggested  that  the  use  of  oscillating  airfoil  da.a  to  determine  blade  airloads  during  .rapsient  or 
non-oscillating  angle-of-attack  changes  could  be  quite  unconservative,  at  least  for  large  pitching  rates. 

Ham  recommended  that  transient  dynamic  stall  data  should  be  obtained  from  representative  transient  motion 
tests  such  as  those  of  Ham  and  Garellck  [31]  rather  than  synthesized  from  data  for  airfoils  oscillating 
through  the  stall. 

Ham  suggested  that  the  aeparation  mechanism  is  that  shorn  in  Figure  3  and  that  an  understanding  of 
the  dynamics  of  the  separation  bubble  is  essential  if  the  airfoil  dynamic  stall  angle  of  attack  la  to  be 
determined  theoretically. 

Fisher  and  McCroskey  [32]  undertook  to  examine  the  validity  of  such  speculations  on  the  basis  of  data 
obtained  from  a  highly  instrumented  model  rotor.  They  found  that  for  the  advancing  blade,  that  is,  in  the 
first  and  second  quadrants,  the  measured  surface  streamlines  essentially  followed  the  ideal  local  sweep 
angles.  In  the  second  quadrant,  the  measured  blade  element  circulation  per  unit  span  increases  rapidly. 
However,  the  measured  pressure  and  skin-friction  distributions  remain  similar  to  those  measured  statically 
as  is  shown  in  the  left  half  of  Figure  14.  This  means  that  large  amounts  of  vorticlty  are  being  shed  into 
the  wake  of  the  blade  in  a  classical  manner.  In  the  third  quadrant  the  stall  onset  region  is  entered  (sea 
Figure  7)  and  a  heavily  loaded  rotor  blade  experiences  a  sequence  of  several  distinct  events  that  occur 
prior  to  complete  blade  stall.  The  similarity  to  static  data  disappears  and  subtle  changes  begin  to  take 
place  in  the  pressure  and  skin-friction  distributions  as  the  blade  passes  an  azimuthal  angle  of  200  degrees. 
A  separation-like  phenomenon  appears  in  the  boundary  layer  and  the  surface  streamlines  on  the  upper  surface 
suddenly  start  to  turn  radially  outward  with  respect  to  the  ideal  local  sweep  angle.  The  center  of  pressure 
begins  to  shift  aft  from  its  location  near  the  quarter  chord.  The  pressure  distribution  still  exhibits  a 
strong  suction  peak  even  though  the  angle  of  attack  is  well  past  the  static  stall  value.  At  an  azimuth  of 
210  degrees,  the  lift  coefficient  is  still  Increasing  and  the  center  of  pressure  moves  aftward  and  the 
nose-down  pitching  moment  Increases  more  rapidly,  as  indicated  in  Figure  15.  Figure  14  shows  a  substantial 
Increase  in  the  negative  pressure  coefficient  at  the  midchord  region  on  the  upper  surface  while  the  leading- 
edge  suction  peak  is  still  clearly  present.  The  suction  peak  at  the  leading  edge  starts  to  collapoe  at  an 
azimuthal  angle  of  215  degrees  but  the  midchord  suction  continues  to  grow.  Both  the  negative  pitching- 
moment  and  the  lift  coefficients  grow  rabidly.  The  normal-force  coefficient  and  the  negative  pitching- 
moment  coefficient  attain  their  maximum  values  at  approximately  240  degrees  (see  Figure  15),  both  at  valuas 
considerably  higher  than  are  achieved  statically.  Shortly  thereafter,  the  lift  stall  occurs  because  of  the 
reduction  In  the  suction  at  the  midchord.  The  blade  now  enters  the  region  of  deep  stall.  In  the  region  of 
azimuthal  angles  between  270  degrees  and  345  degrees,  variations  occur  in  the  pressure  distribution  but  the 
suction  at  midchord  on  the  upper  surface  remains  the  dominant  feature.  At  345  degrees,  the  blade  passeo  in 
close  proximity  of  a  vortex  shed  by  the  preceding  blade  and  then  passes  through  the  wake  of  the  hub.  At 
this  time,  the  pressure  distribution  quickly  changes  to  that  typical  of  two-dimensional  static  data  with  an 
establiahed  leading-edge  auction.  The  attached  boundary  layer  characterlstlca  are  reestablished  and  the 
center  of  pressure  is  stabilized  as  the  blade  begins  another  revolution. 

The  rate  of  change  of  local  blade  angle  is  the  predominant  factor  in  this  flow  mechanism.  The  un¬ 
usually  high  adverae  pressure  gradients  experienced  dynamically  by  the  airfoil  a*  Its  leading  edge,  exist 
as  long  as  the  angle  of  attack  la  increasing  at  a  large  rate.  When  this  rate  •  increase  becomes  small, 
the  flow  field  becomes  unstable  and  the  suction  peak  collapses,  at  which  time  cortex  apparently  is  formed 
and  shed  from  the  leading  edge  of  the  airfoil.  This  vortex  sweeps  back  across  the  chord  of  the  blade 
at  a  velocity  aignlf lcantly  less  than  the  local  freeatream  velocity  and  causes  the  various  stall  events  tc 
occur.  The  basic  mechanism  of  the  dynamic  stalling  process  of  the  rotor  is  increasingly  dominated  by 
dynamic  vortex  shedding  from  the  leading  edge  as  advance  ratio  increases.  However,  at  low  advance  ratios 
in  maneuvering  flight,  blade-vortex  interactions,  or  blade  elastic  excitations  can  play  significant  roles 
if  they  produce  rapid  changes  in  the  angle  of  attack  of  the  blade  as  it  traverses  the  rotor  disc.  It  is 
now  suspected  that  separation  bubbles  similar  to  those  found  on  an  airfoil  during  dynamic  stall  occur 
during  the  interaction  of  a  rotor  blade  with  the  returning  vortex  from  its  own  tip  or  that  of  another  blade. 
Recent  tests  at  MIT  have  indicated  that  durlpg  such  a  blade-vortex  Interaction,  the  chordvise  pressure 
distributions  on  the  blade,  when  it  is  in  close  proximity  to  a  vortex,  resemble  those  found  on  a  dynamically 
stalling  blade. 

Contemporary  empirical  theories  that  account  for  three-dimensional,  unsteady  effects  can  adequately 
predict  blade  element  forces  and  moments  on  the  advancing  blade  and  during  the  del*;’  to  the  onset  of  stall, 
but  not  after  the  blade  stalls  completely. 

FLYING  QUALITIES 
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The  dynamics  of  the  rotor  airloads  also  establish  the  stability  and  control  characteristics  and  the  jt 

flying  qualities  of  the  helicopter.  Basic  controls  of  the  rotary-wing  aircraft  are  the  collective  pitch  ® 

and  the  cyclic  pitch.  In  hovering  flight,  the  collective  pitch  changes  the  total  thrust  of  the  rotor  and  -4) 

the  power  required,  whereas  cyclic  pitch  changes  the  tilt  of  the  thrust  vector  without  significantly  chang-  , 

lng  its  magnitude  or  the  torque  required.  However,  in  forward  flight,  changes  in  collective  pitch  will 
also  change  the  thrust  vector  tilt  and  changes  in  the  cyclic  will  affect  both  the  magnitude  of  the  thrust 
vector  and  the  power  required.  This  nonlinear  coupling  of  the  controls  is  the  result  of  the  structural 
dynamics  of  the  rotor  and  the  azimuthal  variations  of  the  airloads.  Cross-talk  effects  such  as  these 
become  even  more  significant  to  aircraft  flying  qualities  with  increasing  size  of  the  vehicle.  j 
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Flight  through  gusty  air  poses  another  special  problem  in  the  flying  qualities  of  rotary-wing-type 
aircraft.  It  Is  considerably  more  complex  than  the  corresponding  problem  for  a  fixed-wing  aircraft.  For 
example,  the  detailed  response  of  a  helicopter  rotor  to  a  sharp-edged  gust  will  depend  on  the  azimuthal 
position  of  the  first  blade  to  enter  the  gust.  Another  consideration  at  high  forward  speed  is  that  the 
helicopter  might  have  some  part  of  the  rotor  disc  stalled  or,  at  least,  very  close  to  stall.  Entry  into 
the  gust  might  change  the  rotor  operating  condition  from  one  in  which  only  a  small  portion  of  the  swept 
area  Is  stalled  to  one  in  which  a  large  portion  is  stalled. 

In  general,  rotary-wing  aircraft  experience  milder  reactions  to  gusts  than  do  most  fixed-wing  air¬ 
craft,  but  this  Is  not  substantiated  by  simple  theoretical  considerations.  It  has  been  customary  to  deter¬ 
mine  the  normal  rotor  forces  due  to  sharp-edged  gust  by  using  charts  such  as  those  developed  over  twenty 
years  ago  by  NACA  [33].  Since  this  method  does  not  take  Into  account  rotor  limits  at  high  advance  ratios, 

It  yields  very  conservative  results.  The  development  of  helicopters  with  higher  forward  speeds  and  higher 
disc  loadings  and  the  addition  of  wings  and  auxiliary  propulsion  In  the  case  of  compound  helicopters  have 
made  the  present  methods  of  determining  gust  response  Inadequate.  At  high  speeds  and  for  disc  loadings 
greater  than  about  six  pounds  per  square  foot,  the  computer  load  factors  are  too  high.  When,  In  addition, 
gusts  are  super-imposed  on  maneuver  loads,  an  unrealistic  design  situation  Is  created.  Drees  and  Harvey 
[34]  did  an  analytical  study  of  the  response  of  helicopters  to  discrete  gusts.  Their  results  Indicate  that 
the  added  considerations  of  gust  profile,  non-steady  aerodynamics  and  gradual  penetration  have  a  primary 
effect  on  the  gust  loads.  Recent  studies  by  Hohenemser  (see,  e.g.,  Ref.  35)  have  added  to  the  understanding 
of  the  response  of  rotors  to  random  gusts. 

It  has  been  accepted  generally  that  the  flying  qualities  requirements  should  be  tailored  to  the  par¬ 
ticular  prime  mission  of  the  vehicle  under  consideration.  For  example,  it  is  unlikely  that  the  flying 
qualities  which  are  optlsmm  for  a  weapon  platform  will  also  be  optimum  for  a  transport  aircraft.  However, 

It  has  not  been  possible,  thus  far,  to  translate  this  Intuitive  knowledge  into  a  cohesive  set  of  handling 
qualities  specifications.  Although,  work  is  underway  in  that  area,  the  moving-base  simulation  technique 
most  likely  offers  the  best  approach  to  this  current  dilemma.  Simulation  techniques  can  be  used  to  arrive 
at  a  set  of  specific  stability  and  control  requirements  to  assure  that  the  handling  qualities  of  the  vehicle 
are  satisfactory  for  accomplishing  the  aircraft's  mission  and  that  the  stability  and  control  characteristics 
met  the  flying  qualities  objectives.  Fundamental  to  the  problem  of  developing  e  satisfactory  simulator  is 
the  fidelity  with  which  it  simulates  the  real  world  and  a  very  important  part  of  this  representation  for  a 
helicopter  Is  the  mathematical  model  for  the  aerodynamics  of  the  rotor.  The  auccess  with  which  a  simulator 
can  bo  used  to  establish  flying  qualities  requirements  depends  upon  understanding  the  aerodynamic  mechanisms 
significant  to  the  generation  of  forces  and  moments  and  the  accuracy  with  which  they  are  represented. 

HEW  ROTOR  CONFIGURATIONS 

Research  and  development  efforts  to  overcome  the  limitations  of  the  conventional  helicopter  rotor 
have  usually  concentrated  on  providing  a  wing  to  share  the  load  with  the  rotor  in  order  to  achieve  higher 
speed  and  maneuverability.  However,  1-  recent  "  -rs ,  a  variety  of  new  rotor  configurations  have  been 
Investigate*  In  an  effort  to  overcome  the  aerodynamic  limitations  of  the  conventional  rotor  while  retaining 
the  operational  advantages  of  low  disc  loading.  Research  In  rotor  concepts  pursued  by  the  US  Army  Air 
Mobility  RAD  Laboratory  and  its  co-participants  has  Included  design  studies  (and  In  some  cases  wind-tunnel 
tests)  of  the  hot-cycle  rotary  wing,  the  tilt  prop-rotor,  hlngeless  stopped/stowed  rotor,  shaft-drive  and 
warm-cycle  heavy  lift  rotor  systems,  matched  stiffness/  flexure  root  rotor  system,  stopped,  folded  and/or 
atovable  rotor  systems,  the  rotating-wlng  concept  and  the  jet-flap  rotor  system.  Wind-tunnel  tests  have 
been  completed  euccessfully  on  the  forty-foot  diameter  Advancing  Blade  Concept  (ADC)  rotor  system,  and  on 
a  twenty-five-foot  diameter  tilt  prop-rotor  system.  Both  of  these  rocor  systems  used  in  the  wind-tunnel 
tests  were  full-scale  flightworthy  systems.  In  addition,  scale-model  tests  are  currently  being  conducted 
of  a  telescoping  rotor  system  capable  of  forty-percent  diameter  reductions  in  flight.  Model  tests  and 
analysis  have  been  conducted  on  the  Controllable  Twist  Rotor  (CTR).  The  US  Navel  Ship  Research  and  Develop¬ 
ment  Center  has  tested  a  six-foot  diameter  circulation  controlled  rotor  and  plans  to  test  a  twelve-foot 
diameter,  dynamically  scaled  rotor  in  the  NASA-Langley  Sixteen-Foot  Pressure  Tunnel.  The  Navy  is  also 
studying  the  Reverse  Velocity  Rotor  (RVR)  in  which  a  cyclic  pitch  change  is  introduced  In  addition  to  the 
basic  cyclic  pitch  change  so  that  the  retreating  blade  presents  a  positive  angle  of  attack  in  the  region  of 
reverse  velocity.  The  NASA-Langley  Research  Center  Is  currently  studying  variable  geometry  rotore  with  the 
objective  of  achieving  some  direct  control  over  the  dynamic  Interaction  of  the  blades  and  the  tip  vortices. 
The  US  Army  and  NASA  are  also  planning  the  development  of  a  rotor  test  vehicle,  a  flying  test  bed  which  will 
permit  conceptual  feasibility  demonstration  of  new  rotor  systems. 

RESEARCH  REQUIREMENTS 

It  Is  Interesting  that,  although  the  helicopter  rotor  is  an  aerodynamic  device,  progress  In  rotary- 
wing  technology  has  come  more  from  advances  In  propulsion,  structural  dynamics  and  vlbra.ion  control,  mater¬ 
ials  and  fatigue  life,  and  stability  and  control  than  from  improvements  in  the  aerodynamics  of  the  rotor. 
Nevertheless,  as  discussed  above,  current  limitations  on  operational  capabilities  of  helicopters  are  inti¬ 
mately  related  to  the  rotor  aerodynamics  and  a  better  understanding  of  the  fluid  dynamics  of  the  rotor  could 
lead  to  significant  Improvements  in  the  performance  of  future  helicopters.  A  review  of  the  state  of  the  art 
such  as  this  reveals  the  necessity  for  a  coordinated  treatment  of  aerodynamic  research  of  rotary-wing  air¬ 
craft  and  a  unification  and  Integration  of  the  tesults  of  the  many  studies  of  the  various  aspects  of  this 
complex  problem.  Figure  16  represents  the  helicopter  rotor  aerodynamics  problem  and  Indicates  interrelation¬ 
ships  of  Its  diverse  facets.  The  figure  can  be  considered  an  information  flow  diagram  similar  to  one 
presented  by  Joglekar  and  Loewy  (36).  Each  of  the  rectangular  blocks  corresponds  to  a  part  of  the  total 
problem  that  is  all  too  frequently  treated  as  though  it  were  Independent  of  the  others.  There  is  much  work 
to  be  done  In  each  of  these  areas,  but  It  Is  Important  that  the  Interactions  among  the  results  of  these 
studies  should  not  be  overlooked. 

The  need  for  comprehensive,  steady  and  unsteady  two-dimensional  airfoil  data  of  a  representative  range 
of  applicable  airfoil  sections  is  widely  recognized  and  there  Is  a  steady  flow  of  information  from  a  variety 
of  sources.  However,  uncritical  acquisition  of  data  is  not  enough  and  the  technique  of  measurements  should 
be  determined  by  the  requirements  tor  their  application.  A  systematic  program  is  needed  to  develop  and 
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evaluate  airfoil*  showing  potential  for  specific  rotor  missions.  Suitable  evaluation  criteria  are  needed 
for  rotor  airfoils  that  are  expected  to  operate  in  the  mixed  unsteady  flow  of  continuously  varying  angle 
of  attack  and  Mach  number.  The  analytical  techniques  for  airfoil  design  require  further  development  to 
permit  the  selection  of  promising  families  of  airfoils  prior  to  wind-tunnel  testing.  There  lr  considerable 
evidence  that  airfoils  designed  with  recognition  of  the  flow  field  can  produce  Improved  rotor  performance. 

Systematic  gathering  of  quantitative  data  on  the  characteristics  of  the  boundary  layer  on  typical  rotors 
In  hover  and  forward  flight  should  be  emphasized.  These  data  should  Include  mean  and  instantaneous  velo¬ 
city  profiles,  flow  direction,  separation  points,  transition  from  laminar  to  turbulent  flow,  and  the  nature 
of  reattachment  as  well  as  the  usual  pressure  distribution  measurements.  These  data  are  needed  to  verify 
the  analytical  boundary-layer  prediction  techniques  currently  In  the  early  phases  of  development. 

In  the  course  of  reviewing  the  literature  reporting  theoretical  and  experimental  studies  of  rotor 
aerodynamics,  it  becomes  very  apparent  that  experimental  measurements  are  scarce,  conflicting  and  Incom¬ 
plete.  Correlation  between  experiment  and  theory  la  generally  poor  and  there  are  significant  discrepancies 
among  the  various  theoretical  methods.  New  and  better  experimental  tachnlquea  need  to  be  developed  utiliz¬ 
ing  Instrumentation  and  flow  visualization  In  the  rotating  frame  of  reference. 

The  new  rotor  concepts  such  as  those  discussed  above  need  further  Investigation  to  establish  their 
feasibility.  For  those  categories  of  rotary-wing  aircraft  using  fixed  lifting  surfaces,  such  as  compound 
helicopters  and  tllt-wlng-rotor  vehicles,  to  achieve  optimum  performance  over  the  whole  flight  envelope 
there  must  be  careful  harmonization  of  all  the  main  aerodynamic  components.  Performance  characteristics 
of  typical  rotors,  isolated  and  In  wlng/rotor  and  wlng/rotor/body  combinations,  need  to  be  Investigated 
using  Idealized  models. 

On  the  basis  of  what  we  have  learned  recently  regarding  the  importance  of  boundary-layer  effects,  we 
can  speculate  that  some  sort  of  boundary-layer  control  should  be  beneficial  for  rotors.  In  contrast  to 
flxed-wlng  practice,  no  production  helicopter  uses  any  sort  of  boundary-layer  control  device.  It  might  be 
poaalble  to  obtain  performance  gaina  through  application  of  boundary-layer  control  to  helicopter  rotors, 
however,  this  requires  further  research  to  expand  our  understanding  of  the  characteristics  of  the  rotor 
boundary  layer. 

Research  In  the  area  of  rotor  aerodynamics  should  Include  the  accumulation  of  experimental  d'tta  which 
demonstrate  the  effects  of  camber,  twist,  number  of  blades,  aspect  ratio,  variable  geometry  and  Mach  number 
on  forward-flight  rotor  performance  aid  the  associated  characteristics  of  the  wake  geometry.  These  data, 
along  with  Inputs  from  such  programs  as  the  experimental  and  theoretical  lnveatlgations  of  rotor  aerodyna¬ 
mics  environment  and  boundary  layer  analyses,  should  be  used  to  evaluate  the  existing  performance  theories 
and  to  develop  new  ones  as  required  which  will  accurately  predict  theae  effects.  In  order  to  achieve  the 
desired  accuracy,  the  wake  model  has  to  ba  Improved  and  methods  for  analytically  treating  unsteady  aero¬ 
dynamics  and  compressibility  effects  have  to  be  developed  and  Incorporated  In  a  workable  and  usable  per¬ 
formance  theory. 
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1.  INTRODUCTION 

A  survey  of  some  of  the  problems  encountered  in  the  prediction  of  structural  design  loads  and  aeroelastic 
stability  margins  during  the  development  of  rotary-wing  aircraft  is  presented. 

The  accurate  prediction  of  structural  design  loads  and  aeroelastic  stability  margins  during  steady  and  transient 
maneuvers  is  essential  during  the  development  of  a  new  flight  vehicle.  In  order  to  preclude  major  delays  in  deploy¬ 
ment  of  new  aircraft,  an  accurate  definition  of  the  aircraft  detail  configuration  is  desirable  prior  to  initiation  of 
flight  testing.  Early,  accurate  analysis  is  needed  to  reduce  the  extent  of  both  planned  and  unplanned  flight  testing 
required  to  develop  a  satisfactory  final  configuration.  Accurate  methods  are  also  necessary  to  reduce  reliability  and 
maintenance  problems  in  the  operational  environment,  deficiencies  in  performance  due  to  flight  envelope  restriction 
arising  from  unanticipated  structural  problems,  and  deficiencies  in  handling  qualities  due  to  changes  made  in  the 
configuration  to  solve  loads  or  aeroelastic  stability  problems. 

At  present,  each  airframe  developer  employs  seveial  analysis  methods  of  varying  complexity  to  determine  loads 
and  aeroelastic  stability  for  the  critical  flight  and  grounn  conditions.  These  methods,  particularly  the  more  simpli¬ 
fied  ones,  are  applicable  only  to  the  type  and  size  of  rotor  system  in  which  the  airframe  developer  has  specialized. 
Furthermore,  most  developers  have  limited  capability  to  account  for  the  effects  of  coupling  of  advanced  flight 
control  systems,  fuselage  motions,  and  inadvertent  high-frequency  pilot  inputs  (pilot-coupled  oscillations). 
Accordingly,  loads  and  aeroelastic  stability  of  rotary-wing  aircraft  employing  larger  rotors,  advanced  rotor  concepts, 
and  advanced  flight  control  systems  cannot  be  predicted  with  sufficient  accuracy. 

The  purpose  of  this  paper  is  to  provide  the  reader  with  some  understanding  of  the  complexity  involved  in  the 
prediction  of  rotary-wing  loads  and  aeroelastic  stability,  to  discuss  the  impact  of  this  complexity  on  the  cost  and 
accuracy  of  these  predictions,  and  to  suggest  areas  of  investigation  where  the  more  complex,  expensive  analysis 
methods  now  under  development  can  be  effectively  used. 


2.  COMPLEXITY 

Accurate  computation  of  loadings  ok  a  helicopter  rotor  blade  clearly  involves  one  of  the  most  complex  mathe¬ 
matical  models  encountered  in  today’s  technology.  This  complexity  is  attributable  to  the  rotation  and  flexibility  of 
the  rotor  blades.  It  has  been  said  that  in  forward  flight  during  one  revolution  of  a  rotor,  a  segment  of  a  rotor 
blade  encounters  an  experience  comparable  to  the  wing  of  a  very  flexible,  high  subsonic  speed,  tcrobatic  airplane 
‘.iiien  is  also  designed  to  fly  backwards. 

Accurate  computation  of  loadings  during  transient  maneuvers  requires  the  simultaneous  determination  of  fuse¬ 
lage  rigid  body  motions,  blade  motions,  airflow  distortions  in  the  blade  wake,  blade  aerodynamics,  and  control 
system  response.  Each  of  these  is  coupled  with  the  other,  and  unfortunately  many  nonlinear  and  time-variant  terms 
appear  in  the  differential  equations  which  describe  the  total  system  response.  This  requires  the  use  of  iterative  proce¬ 
dures  to  achieve  a  simultaneous  solution  of  the  system  of  equations  for  a  steady-state  condition. 

Figure  1  presents  a  flow  chart  depicting  a  possible  approach  to  obtaining  an  iterative  solution  of  the  equations 
leading  to  a  determination  of  loads  in  a  steady-state  flight  condition.  This  figure  will  be  used  as  a  road  map  for  the 
following  discussion  of  some  aspects  of  rotary  wing-loads  analysis.  This  discussion  is  intended  primarily  to  acquaint 
the  reader  with  the  complexity  of  the  problem  rather  than  to  provide  technical  detail. 
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The  solution  is  initiated  by  supplying  input  data  which  describes  the  steady-state  operating  condition  of  the 
aircraft,  including  such  parameters  as  airspeed,  rotor  speed,  altitude,  gross  weight,  and  center  of  gravity.  First,  a 
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rather  simplified  analysis  is  conducted  to  estimate  the  cyclic  and  collective  control  positions  necessary  to  trim  the 
aircraft  in  steady  flight,  i.e.,  to  provide  rotor  lift,  thrust,  and  pitch  and  roll  moments.  Such  an  analysis  might  be 
based  on  quasi-static  linear  aerodynamics,  rigid  blades,  and  uniform  inflow. 

Next,  the  wake  geometry  can  be  determined  using  a  complicated  analysis  that  treats  the  wake  as  a  helical  web 
of  vortex  elements  left  behind  and  beneath  the  rotor  as  shown  in  Figure  2.  This  helical  web  consists  of  shed  and 
trailing  vortices.  The  strength  of  the  shed  vortices  is  related  to  the  time  rate  of  change  of  lift  on  the  blade  segment 
which  is  generally  large  at  high  airspeeds.  The  strength  of  the  trailing  vorticity  depends  on  the  difference  in  lift  on 
adjacent  radial  blade  segments,  the  tip  vortex  being  the  strongest  vortex.  The  spacings  between  the  shed  vortices 
and  between  the  trailing  vortices  are  chosen  arbitrarily. 

The  vertical  velocity  of  the  wake  is  determined  in  accordance  with  momentum  theory,  and  the  horizontal 
velocity  is  based  on  the  velocity  of  the  vehicle.  The  induced  velocity  on  each  blade  due  to  each  vortex  is  derived 
using  the  Biot-Savart  Law. 

Combining  these  induced  velocities  with  the  velocities  associated  with  the  blade  motions  determined  in  the 
initial  trim  analysis  provides  the  distributions  of  translational  and  rotational  velocities  and  their  time  rates  of  change 
over  the  rotor  disk. 

These  provide  the  initial  inputs  to  the  aerodynamic  loads  analysis.  The  blade  can  be  considered  to  consist  of 
an  arbitrary  number  of  spanwise  segments.  The  aerodynamic  lift,  pitching  moment,  and  drag  on  each  segment  can 
be  determined  by  including  static  and  unsteady  aerodynamic  effects. 

Static  aerodynamic  data,  which  include  the  effects  of  static  stal1,  can  be  stored  in  a  table  as  a  function  of  Mach 
number  and  angle  of  a  ttack.  At  blade  angles  of  attack  below  the  static  stall  angle,  unsteady  effects  due  to  the 
rates  of  change  of  pitching  velocity  can  be  computed  using  the  Theodorsen  functions.  The  effects  of  dynamic  stall 
on  the  retreating  blade,  encountered  at  combinations  of  high  airspeed  and  rotor  lift,  can  be  determined  usually  as  a 
function  of  the  time  rate  of  change  of  angle  of  attack  and  its  derivative.  Of  course,  compressibility  and  viscosity 
effects  on  the  dynamic  stall  characteristics  of  the  airfoils  must  be  accounted  for  in  some  manner. 

Two  apnroaches  to  representing  the  rotor  blades  to  determine  their  dynamic  response  and  net  loads  are  avail¬ 
able.  One  approach  is  the  lumped  mass  method  which  involves  the  division  of  each  blade  into  an  arbitrary  number 
of  masses  interconnected  with  spring"  The  motion  of  each  of  the  many  segments  can  be  determined  by  subjecting 
the  system  to  its  previously  obtained  aerodynamic  loading.  The  other  approach  uses  the  orthogonal  vibratory  modes, 
including  linear  coupling  terms.  The  response  of  the  system  is  obtained  by  superposition  of  the  response  of  each 
blade  in  each  mode  when  subjected  to  the  aerodynamic  loads  obtained  above  in  combination  with  any  non¬ 
linear  inertial  coupling  loads  associated  with  the  blade  motion.  The  solution  would  proceed  as  a  step-by-step 
integration  around  the  azimuth  to  determine  the  transient  response  of  the  blades.  This  process  is  repeated  until 
the  loads  during  two  consecutive  revolutions  of  the  rotor  are  nearly  equal. 

The  average  lift,  thrust,  and  pitching  and  rolling  moments  acting  on  the  rotor  shaft  during  one  revolution  can 
then  be  compared  to  the  values  of  these  loads  obtained  in  the  initial  or  prior  trim  calculation.  If  significant 
differences  in  these  shaft  loads  are  present,  then  a  retrim  analysis  can  be  used  to  estimate  the  changes  in  the  cyclic 
and/or  collective  control  positions  necessary  to  trim  the  aircraft.  Iteration  within  this  loop  would  continue  until 
trim  is  established. 

Next,  the  velocity  distribution  along  one  blade  during  one  revolution  due  to  the  blade  motion  and  the  initial 
variable  wake  can  be  compared  to  the  velocity  distribution  inherent  in  the  initial  variable  wake  analysis.  If  these 
velocity  distributions  differ  significantly  then  a  revised  variable  wake  description  can  be  derived. 

Satisfactory  comparison  of  these  velocities  would  result  in  culmination  of  the  steady-state  loads  analysis. 

Although  not  indicated  in  Figure  I ,  the  aerodynamic  loads  and  flexible  blade  load  analyses  can  be  used  to 
estimate  the  transient  response  of  the  system  to  simulated  pilot-induced  maneuvers.  Angle-of-attack  increments  due 
to  control  position  changes  can  be  input  to  the  aerodynamic  loads  and  flexible  blade  loads  analyses  to  excite  the 
rotor. 

Major  additional  difficulties  arise  in  the  prediction  of  loads  during  transient  maneuvers.  Transient  changes  in 
the  variable  wake  geometry  cannot  be  readily  calculated.  This  limitation  is  quite  significant  for  large  transient 
changes  in  rotor  thrust  at  high  forward  airspeeds  which  clearly  involves  large  changes  in  wake  geometry.  Large 
changes  in  control  position  may  produce  significant  changes  in  the  characteristic  frequencies  and  mode  shapes  for 
blade  motion,  thus  requiring  additional  computation.  Another  difficulty  is  the  simulation  of  changes  in  rotor 
speed  due  to  a  large  change  of  time  rate  of  change  in  power  required  by  the  rotor.  The  rotor  tends  to  overspeed 
due  to  a  nose-up  pitch  maneuver  induced  by  cyclic  control  input  or  due  to  a  suddenly  reduced  collective  control 
setting.  Increased  complexity  in  the  loads  prediction  methods  presently  under  development  will  be  required  to 
account  for  these  difficulties. 
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3.  COST 

The  complexity  of  predicting  loads  and  aeroelastic  stability  discussed  above  has  obvious  impact  on  the  cost  of 
conducting  such  analysis.  Some  indication  of  the  computational  cost  associated  with  three  analysis  programs  under 
development  is  presented  in  Figure  3.  Each  of  these  programs  provides  for  estimation  of  loads  during  transient 
maneuvers  and  rigid  body  representation  of  the  fuselage. 

These  programs  differ  primarily  with  regard  to  the  representation  of  variable  wake  geometry  and  unsteady 
aerodynamics.  Program  C  uses  the  most  complex  variable  wake  representation.  Each  program  provides  for  the 
variation  of  the  airfoil  characteristics  along  the  blade  and  includes  aerodynamic  section  lift,  moment  and  drag  data 
as  a  function  of  Mach  number  and  angle  of  attack.  For  Programs  B  and  C,  unsteady  effects  are  included  in  both 
the  stalled  and  unstalled  angle-of-attack  ranges.  Program  A  includes  only  the  real  part  of  the  Theodorsen  function 
and  omits  stall  delay  characteristics. 

The  computational  time  required  to  trim  the  aircraft  in  a  steady-state  flight  condition  is  shown  to  vary  from 
4  to  30  minutes,  with  Program  C  requiring  the  most  time  primarily  due  to  the  more  complex  variable  wake  analysis. 

For  transient  response  analysis,  the  ratio  of  computational  time  to  real  time  (actual  time  on  the  vehicle)  is 
shown  to  vary  from  40  to  200. 

As  might  be  expected,  the  cost  of  these  computations  is  quite  high  compared  to  most  engineering  analyses. 
Based  on  a  computer  storage  capacity  of  from  60,000  to  110,000  words,  the  cost  of  computation  is  assumed  to  be 
$1000  per  hour.  The  cost  to  trim  the  vehicle  analytically  in  a  steady-state  flight  condition  ranges  from  $30  to 
$2S0.  The  cost  to  simulate  the  transient  response  during  1  second  of  flight  of  the  vehicle  ranges  from  $1  to  $6. 

Assuming  that  experimental  flight  test  of  a  fully  instrumented  helicopter  is  in  the  range  from  $10,000  to 
$30,000  per  hour  and  further  that  useful  strain  and  motion  data  is  obtained  during  only  10%  of  actual  flight  time, 
the  cost  of  1  second  of  flight-recorded  data  is  in  the  range  from  $30  to  $90. 

Based  on  the  foregoing  cost  estimates,  which  contain  some  assumptions  (perhaps  gross  assumptions),  it  is 
evident  that  the  cost  of  conducting  loads  and  aeroelastic  stability  analyses  using  these  methods  is  quite  high  on  an 
absolute  basis.  Indeed,  these  costs  are  seen  to  be  appreciable  even  when  compared  to  the  notoriously  high  cost  of 
flight  tearing  a  fully  instrumented  rotary-wing  vehicle. 

Another  practical  problem  arising  from  the  complexity  of  these  analyses  needs  to  be  considered.  A  large 
collection  of  mass,  geometric,  stiffness  and  aerodynamic  data  must  be  included  in  these  computer  programs.  This 
requires  very  systematic  data  handling  procedures  to  avoid  errors  while  storing  data  in  the  computer.  Detectable 
errors  will  delay  the  start  of  the  analysis  of  a  new  vehicle  and  undetectable  errors  will  contribute  to  inaccurate 
prediction.  Tnis  tendency  toward  errors  due  to  the  large  amount  of  data  to  be  handled  could  have  an  adverse 
effect  on  both  cost  and  prediction  accuracy. 


4.  PREDICTION  ACCURACY 

Due  to  their  complexity,  these  methods  of  predicting  structural  design  loads  and  aeroelastic  stability  margin 
are  not  sufficiently  accurate  for  those  flight  conditions  which  produce  the  highest  loads  and  fatigue  damage  rates. 
Good  correlation  between  predicted  loads  and  flight  measured  loads  for  a  lightly  loaded  rotor  operating  at  a 
moderate  airspeed  under  steady  flight  conditions  can  now  be  achieved  using  available  methods;  however,  good 
correlation  has  not  been  demonstrated  for  either  steady  or  transient  operation  of  a  highly  loaded  rotor  at  high  for¬ 
ward  airspeeds  where  stall  flutter  tends  to  develop  on  the  retreating  blade. 

Recent  correlation  of  loads  due  to  'tall  flutter  shows  good  qualitative  agreement  of  the  control  system  loading 
time  history.  This  demonstrates  that  the  essential  mechanisms  causing  stall  flutter  can  be  included  in  the  analysis 
methods.  At  present,  no  analysis  method  is  available  which  provides  good  quantitative  correlation  simultaneously 
for  control  loads,  net  rotor  forces  and  blade  loads.  At  present,  good  simultaneous  correlation  cannot  be  obtained 
although  the  test  data  are  available  to  provide  guidance  to  the  analyst. 

The  capability  to  achieve  good  quantitative  correlation  between  test  results  and  analysis  conducted  prior  to 
testing  is  required;  i.e.,  accurate  prediction  methods  are  needed. 


5.  UTILIZATION 

In  view  of  the  high  cost  and  lack  of  good  correlation  it  is  clear  that  effort  must  be  made  to  improve  accuracy 
and  reduce  the  cost  of  calculation.  In  addition,  criteria  for  efficient  utilization  of  these  complex  methods  must  be 
developed. 
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Unlimited  use  of  such  a  program  as  outlined  here  is  not  appropriate.  Simplified  analysis  methods  applicable 
to  a  specific  phenomenon,  e.g.,  ground  resonance,  are  generally  more  economical  than  the  complex  methods.  Model 
testing  can  also  provide  a  method  for  load  and  stability  analysis.  Obviously,  experimental  flight  testing  can  never 
be  eliminated.  Complex  load  and  stability  analysis  methods  should  be  used  as  appropriate  to  reduce  development 
risk  and  cost. 

The  use  of  these  complex  methods  can  be  expected  to  increase  as  their  cost  and  accuracy  are  improved.  As 
improvements  are  made,  it  will  be  possible  to  greatly  reduce  the  cost  associated  with  the  many  structural  modifica¬ 
tions  that  now  must  be  made  during  development  flight  testing  prior  to  achieving  a  satisfactory  final  configuration. 

There  appear  to  be  four  specific  areas  in  which  such  complex  analysis  will  be  used  extensively.  One  of  these 
areas  is  determination  of  loads  during  penetration  of  the  stall  flutter  region  during  both  steady  and  transient 
maneuvers  at  high  airspeeds. 

The  second  area  is  stability  margin  analysis  for  rotor/vehicle  concepts  that  exhibit  significant  nonlinear 
behaviour.  Significant  nonlinearities  may  lead  to  unacceptable  risk  during  tests  to  determine  the  neutral  stability 
boundaries  if  the  nature,  i.e.,  the  qualitative  behaviour  of  the  vehicle  near  these  boundaries  is  not  understood. 
Furthermore,  the  extent  of  test  required  may  be  greatly  increased  by  the  existence  of  nonlinear  characteristics. 

The  ability  to  analyze  the  system  response  can  reduce  the  risk  and  cost  of  these  tests  significantly. 

The  third  area  is  the  development  of  simplified  loads  and  stability  analysis  methods  useful  for  preliminary  and 
detailed  analyses.  Once  the  validity  of  these  complex  analysis  methods  has  been  demonstrated  by  extensive  correla¬ 
tion  with  flight  test  results,  then  simplified  analysis  methods  hopefully  can  be  developed  for  new  structural  problem 
areas  with  a  minimum  icquirement  for  flight  testing.  Improved,  simplified  performance  and  handling  qualities 
methods  also  can  be  derived. 

The  fourth  area  is  the  calculation  of  coefficients  to  be  used  in  simplified  linearized  analyses. 


6.  CONCLUSIONS 

Accurate  loads  and  aeroelastic  stability  prediction  is  very  complex.  This  complexity  leads  to  high  cost  and 
poor  accuracy.  Improved  prediction  accuracy  and  lower  cost  are  required  before  extensive  efficient  utilization  of 
these  complex  methods.  Criteria  should  be  developed  for  selection  of  problems  to  be  analyzed  in  order  to  assure 
efficient  utilization  of  the  complex  methods.  Improved  accuracy  and  cost  can  provide  for  reduced  development 
cost,  early  deployment  of  vehicles,  and  increased  reliability  and  maintainability  in  the  operational  environment. 
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IMPACT  OF  HEW  STRUCTURAL  CONCEPTS  OH  SYSTEM  CAPABILITIES 

BY 

Edvard  S.  Carter 
Chief,  Aeromechanics 
Sikorsky  Aircraft 

Division  of  United  Aircraft  Corporation. 

Stratford,  Connecticut  06602 


SUMMARY 

V/STOL  Systems  unquestionably  offer  the  most  fertile  field  short  of  space  application  for  exploitation 
of  advanced  structural  concepts  primarily  because  there  is  so  much  room  for  Improvement.  Though  payload 
fractions  of  helicor' era  have  become  quite  respectable  thanks  to  the  gas  turbines  and  titanium,  large  im¬ 
provements  are  still  mandatory  before  high  speed  configurations  can  truly  Justify  themselves  economically. 

We  have  reached  the  point  vhere  the  required  improvement  can  row  be  projected  vith  advanced  materials  and 
structural  concepts,  but  the  full  exploitation  of  these  advances  can  only  be  achieved  by  parallel  advances 
in  Aerodynamic,  Dynamic  and  Control  Technology. 


INTRODUCTION 

This  paper  attempts  to  take  an  "outside-in"  look  at  the  impact  of  Structural  Concepts  on  System  capabil¬ 
ities.  It  vi 11  not  attempt  to  trace  in  any  depth  the  roots  of  the  many  nev  ideas  for  solving  structural 
problems  or  quantify  the  structural  parameters.  It  vill  also  not  attempt  to  draw  a  line  between  structural 
concepts  and  the  application  of  nev  materials.  The  tvo  are  inseparable.  Instead  ve  vill  back  off  and  try 
to  overviev  the  sort  of  impact  nev  ideas  can  have  and  attempt  to  assess  what  this  can  mean  in  terms  of  top 
level  measures  of  performance  and  effectiveness.  In  addition,  it  vill,  I  hope  illustrate  a  principal  thesis: 
although  nev  structural  concepts  are  in  many  cases  achieving  the  obvious  benefits  of  weight  reduction  by 
direct  part  substitution,  and  producing  numerous  side  benefits  in  terms  of  survivability,  safety,  reliability 
and  dynamic  forgiveness,  the  full  potential  can  only  be  obtained  by  Increased  competence  in  applying  the  nev 
freedom  these  techniques  give  us  to  form  our  aerodynamic  surfaces  and  specify  elastic  requirements. 

As  vill  be  quickly  apparent,  this  paper  draws  heavily  on  recent  publications  both  domestic  and  foreign 
on  the  subject.  In  addition,  Z.  must  acknowledge  the  assistance  of  Sikorsky  experts  in  the  field:  Bill 
Coronato,  Sikorsky  Chief  of  Aircraft  Design;  Bill  Paul,  Rotor  Design  Supervisor;  Mike  Salklnd,  Chief  of 
Structures  and  Material  and  their  staffs. 


Current  System  Capabilities 

By  vay  of  introduction  to  the  potential  of  advanced  structural  concepts,  Fig.  la  from  Ref.  (1)  summa¬ 
rises  our  current  VTOL  system  capabilities  in  terms  of  payload  to  gross  weight  ratio.  While  helicopters 
today  can  achieve  200  nautical  mile  PL/GW  ratios  of  27 X  at  speeds  of  150  to  175  knots  (up  from  about  19X  at 
120  knots  10  years  ago)  current  technology  is  inadequate  to  provide  Increased  productivity  1  higher  speed 
VTOL  configurations  because  payload  lost  to  veight  empty  Increases  offsets  the  speed  advantage.  Fig.  lb, 
also  from  Ref.  (l).  Illustrates  this  point  in  terms  of  typical  transport  efficiencies  for  a  military  mission. 
While  the  dollar  figures  vill  vary  drastically  with  assumptions  concerning  utilization  and  maintenance  effi¬ 
ciency  (commercial  operations  have  significantly  better  productivities)  the  relative  picture  is  probably 
valid  for  most  applications.  The  corollary  to  all  of  this  is  that  any  reduction  in  veight  empty  has  tremen¬ 
dous  leverage  on  payload.  A  5 X  reduction  in  veight  empty  can  easily  produce  a  20f-k0%  increase  in  payload 
and  productivity  for  200  mile  VTOL  missions. 

Slmlllarly  the  maintenance  burden  of  current  VTOL's  exceeds  desirable  norms  for  economic  opereo.cn, 
accounting  for  about  bOX  of  the  per  seat  mile  costs,  so  there  is  a  tremendous  potential  for  greatly  improving 
VTOL  economics  by  reducing  the  maintenance  burden. 

Finally  the  nature  of  the  VTOL  mission,  particularly  the  military  mission,  puts  a  very  large  premium 
on  the  ability  to  survive  both  enemy  action  and  the  inevitable  mishaps  of  nap  of  the  earth  operations,  so 
that  any  contribution  advanced  structural  concepts  can  make  to  survivability  vill  have  extra  significance 
for  VTOL. 

Potential  Structural  Concept  Impact 
1.  Rotor  Blades 

Rotor  Blades,  be  they  helicopters'  or  direct  lift  fans',  offer  the  most  specialized  challenges  to 
structural  technology  for  VTOL  applications.  In  most  other  caser,  the  VTOL  developer  can  expect  some  rake- 
offs  from  other  aeronautical  system  developments,  but  vith  rotors,  the  industry  is  strictly  on  its  own  for 
the  concept  brainstorms,  the  RAD  funds  to  develop  them,  and  the  service  experience  to  prove  them  out.  It 
is  also  in  the  rotor  that  the  interdependence  of  structural  technology  and  the  aeromechanics  disciplines 
are  beat  illustrated. 

Fig.  2  illustrates  a  typical  situation.  The  original  CH-53A  had  been  optimized  vith  a  lov  twist  blade 
to  provide  relatively  high  cruise  speeds.  Research  to  improve  static  performance  had  shown  that  by  modi¬ 
fying  tvist  and  tip  planform  significant  improvement  could  be  made  in  hov  r  G.W.  capability.  However,  vith 
existing  aluminum  spar  technology  the  stresses  induced  by  the  higher  twist  significantly  reduced  allowable 
cruise  speeds.  By  applying  titanium  spar  technology  it  has  been  possible  to  design  a  blade  which  will  not 
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only  tolerate' the  stresses  resulting  from  higher  twist,  tut  also  provide  more  chord  for  the  same  blade  weight 
and  a  more  sophisticated  airfoil  and  tip  planform,  thus  increasing  even  further  hover  efficiency  and  high 
speed  capability.  The  result  is  an  &&  increase  in  payload  and  10J(  increase  in  speed  for  a  productivity 
increase  of  19J>  all  with  no  increase  in  Weight  Empty. 

The  most  advanced  example  to  date  of  the  application  of  metal  spar  technology  to  provide  a  blade 
tailored  to  non  uniform  requirements  is  the  "ABC"  blade.  Fig.  3  shows  the  completed  blade.  The  tapered 
spar  is  titanium  and  the  skin  is  fibreglass.  Ref.  2  reports  or.  the  development  of  this  blade  and  its  fabri¬ 
cation  techniques.  The  chord  tapers  from  10.8"  at  the  root  to  5.5"  at  the  tip,  while  the  airfoil  section 
tapers  from  30f  to  6f.  However,  the  most  novel  structural  requirement  of  the  advancing  blade  concept  is  the 
necessity  for  the  blade  lo  transfer  a  significant  portion  of  its  lift  to  the  hub  by  its  cantilever  stiffness 
rather  than  depending  solely  on  centrifugal  force  as  is  the  case  with  articulated  rotors  and  even  the  less 
rigid  "hingeless"  types 

This  structural  capability  opens  up  the  potential  application  of  rotors  on  two  fronts.  First,  it  be¬ 
comes  possible  to  free  the  lifting  rotor  from  the  retreating  blade  stall  limits  of  speed  by  removing  the 
requirement  for  balanced  first  harmonic  flapping  moments  and  allowing  the  lift  to  be  carried  almost  entirely 
on  the  advancing  blade.  This,  of  course,  requires  a  counterrotating  coaxial  rotor  configuration  to  provide 
synretrical  lift,  but  the  stiff  blades  with  suppressed  flapping  decreases  the  vertical  separation  requirement 
which  has  been  a  principal  disadvantage  of  coaxial  configurations.  This  is,  of  course,  the  ABC  or  Advancing 
Blade  Concept  described  in  Ref.  (2).  The  system  capability  this  provides  is  best  illustrated  in  Fig.  U  where 
the  ability  of  the  ABC  to  carry  lift  at  high  advance  ratios  is  compared  with  conventional  rotors. 

A  second  potential  advantage  of  a  "cantilevered"  blade  has  yet  to  be  exploited.  As  numerous  investi¬ 
gators  have  pointed  out,  weight  reduction  in  conventional  rotors  becomes  ultimately  limited  by  the  high 
coning  angle  which  results  as  centrifugal  force  is  reduced.  This  produces  a  square/cube  law  relation  which 
says  in  effect  that  as  GW  is  increased,  if  disc  loading,  blade  eg,  tip  speed  and  allowable  coning  angle  are 
held  constant,  the  rotor  blade  weight  relative  to  gross  weight  must  inevitably  increase  with  size.  Fig.  5 
illustrates  the  trend,  which  is  fortunately  only  a  square  root  growth.  So  far,  and  even  through  fcrseeable 
HLH  rotor  sizes,  this  trend  has  been  offset  by  disc  loading  growth,  some  Increase  in  coning  angles  and  re¬ 
distribution  of  weight  in  the  blades  (tip  veights  will  help)  to  maximize  centrifugal  force..  And,  in  any  case, 
structural  technology  until  recently  hasn't  offered  much  opportunity  to  build  blades  for  less  weight.  But 
as  we  look  ahead  to  composites  and  much  larger  rotors ,  we  can  clearly  see  the  day  vhere  coning  suppression 
and  cantilevered  lift  transfer  will  be  necessary  to  hold  down  the  rotor  weight  fractions  of  very  large  heli¬ 
copters  or  to  use  the  full  potential  of  composites  to  reduce  the  weight  fraction  of  current  sizes.  Thus  the 
ability  to  treat  the  aerodynamic  and  dynamic  consequences  of  a  "very  rigid"  rotor  must  be  developed  side  by 
side  with  the  structural  technology  if  we  are  to  realize  the  weight  reduction  potential  of  advanced  materials 
in  rotors. 

The  application  of  fiber  composite  technology  to  rotoro  is  an  immense  and  extremely  active  subject  that 
we  can  only  touch  upon  briefly  here.  The  performance  pay  off  through  the  use  of  composites  is  particularly 
promising  because  of  the  ability  to  mold  almost  any  aerodynamic  shape  and  tailor  the  elastic  properties 
especially  to  take  advantage  of  their  anisotropic  possibilities.  Actually  materials  with  fibrous  and  aniso¬ 
tropic  characteristics  have  been  used  in  rotors  since  the  earliest  days  of  the  helicopter.  The  earliest 
Sikorsky,  Bell  and  Piasecki  helicopters  all  started  with  molded  wood  blades,  *nd  fibreglass  has  been  the 
objective  of  a  good  deal  of  research  for  at  least  15  years.  Probably  the  most  sophisticated  use  is  found 
in  the  Boelkow  B0-105  (Ref.  (3))  and  in  the  Aerospatiale  SA-3^1.  But  the  most  advanced  application  of  com¬ 
posites  so  far  reported  is  undoubtedly  the  Boeing  CH-U7  blade  developed  under  U.  S.  Air  Force  sponsorship 
and  described  in  Ref.  (*0  and  (5).  Ref.  (U)  points  up  nicely  the  many  constraining  considerations  which  must 
be  defined  by  the  aynamicist  or  the  aerodynamicist  before  the  composite  design  can  be  optimized  and  illus¬ 
trates  an  interesting  approach  to  identifying  tnose  design  parameters  which  can  meet  all  these  requirements. 
Because  of  coning  angle  limits,  weight  reduction  was  not  a  major  goal,  but  presumably  the  major  system  level 
pay  off  will  be  in  higher  cruise  speeds  resulting  from  alleviation  of  stall  flutter  boundaries,  thus  pushing 
out  speed  capabilities  at  higher  gross  weights  much  as  reducing  1  per  rev  stresses  has  improved  the  CH-53 
envelope  as  illustrated  in  Fig.  2.  Ref.  (5)  points  up  the  further  benefits  which  accrue  from  the  use  of 
composites  in  more  exotic  VTOL  where  rpm  variation  increase  the  demands  on  aeroelastic  tuning. 

2.  Tail  Rotors 

Tall  rotors  also  stand  to  benefit  from  the  application  of  composite  technology.  Although  TR  stress 
limitations  are  less  apt  to  constrain  the  aircraft  system  envelope,  tail  rotors  have  conventionally  been  over 
designed  and  should  have  significant  potential  for  weight  reduction  which  is  especially  important  since  weight 
reduction  at  the  tail  of  a  single  rotor  helicopter  can  have  a  big  impact  on  easing  the  design  oalance  problem. 
Also  tail  rotors  can  provide  a  good  proving  ground  for  new  blade  construction  concepts.  In  fact,  the  first 
flight  to  our  knowledge  of  a  VTOL  dynamic  component  fabricated  from  high  modulus  composite  materials,  was 
the  testing  in  December  of  1968  of  the  Sikorsky  Boron  Epoxy  spar  tail  rotor  shown  in  Fig.  6.  This  blade  was 
designed  to  give  higher  chcrdwise  stiffness  than  the  production  blade.  Fig.  7  illustrates  the  stiffness 
improvement  that  was  achieved  along  with  5%  weight  reduction. 

The  tail  rotor  developed  by  Kaman  for  the  Bell  UH-1  is  ar  excellent  example  of  the  utilization  cf  the 
anisotropic  properties  of  composites.  (Ref.  (6)  and  Fig.  8),  By  using  a  single  continuous  unidirect.onal 
fibreglass  epoxy  spar,  running  through  the  hub  from  tip  to  tip,  all  the  centrifugal  and  bending  loa<*s  are 
reacted  by  the  high  strength  and  stiffness  of  the  unidirectional  fibers.  Feathering  action  was  provided  by 
the  torsional  deflection  of  the  basic  spar  vhich  has  lov  torsional  stiffness.  The  primary  pay  off  here  was 
the  reduction  of  maintenance  requirements,  although  the  program  also  made  important  contributions  to  estab¬ 
lishing  the  producibility  of  this  sort  of  design. 

3 .  Rotor  Heads 

The  rotor  heads  themselves  can  also  benefit  from  advanced  materials  tnd  concepts.  The  steady  increase 
in  the  application  of  titanium  through  the  1960's  achieved  up  to  20-25^  weight  reduction  in  rotor  heads  while 
increasing  the  3afe  life  and  retirement  times.  Initial  Jtudies  of  the  application  of  composites  to  rotor 
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heads  such  as  those  reported  in  Ref.  (4 )  have  suggested  only  12%  veight  reduction  relative  to  conventional 
steel  and  aluminum  constructions;  in  rotor  heads  the  local  load  and  attachment  problems  become  all  impor¬ 
tant  so  vhole  new  concepts  of  rotor  head  design  may  be  required  to  fully  exploit  the  high  stress  potential 
of  composites.  Current  programs  directed  toward  developme  it  oi  a  composite  rotor  head  may  well  provide  the 
answer.  However,  the  most  significant  advances  coming  up  in  the  hub  aree  attributable  to  structural  concepts 
probably  is  the  reduction  of  maintenance  requirements  resulting  from  the  application  of  elastomerics. 

Recent  studies  of  the  potential  of  a  spherical  bearing  elastomeric  rotor  head  for  the  CH-53,  see  Fig.  9, 
have  suggested  a  reduction  of  field  maintenance  costs  of  50%  and  extension  of  TBO's  by  a  factor  of  8  which 
adds  up  to  a  3  to  1  reduction  in  Life  Cycle  Cost  contribution  of  the  rotor  head. 

Looking  to  the  future,  more  component  and  systems  application  development  should  reduce  the  bulkiness 
of  elastomeric  designs  or  flexbeam  composites  technology  applied  to  main  rotors  may  provide  the  maintenance 
benefits  of  elastomerics  with  less  weight  and  frontal  area.  On  the  size  frontier,  new  fabrication  techniques 
such  as  diffusion  bonding  will  be  exploited  to  economically  produce  the  large  mo..olithic  elements  demanded 
by  very  large  rotary  wing  aircraft. 

.  Variable  Geometry  Concepts 

Perhaps  the  mos»  challenging  goal  for  novel  structural  concepts  would  be  the  development  of  simple  and 
feasible  variable  geometry  concepts.  Even  more  than  the  option  to  arbitrarily  select  rotor  geometry  unen¬ 
cumbered  by  constant  section  requirements,  the  aerodynamic 1st  and  dynamicist  would  like  to  vary  his  geometry 
from  flight  condition  to  flight  condition.  Cries  of  "down  with  complexity"  have  so  far  constrained  the 
rotary  wing  designer  from  variable  geometry  solutions  although  his  fixed  wing  counterpart  has  been  making  it 
a  standard  part  of  his  bag  of  tricks.  One  has  only  to  contemplate  the  727  wing  with  its  high  lift  devices 
to  realize  how  dependent  CTOL  system  effectiveness  has  become  on  vaiiable  geometry.  VTOL  must  eventually  be 
allowed  the  privilege  to  do  such  things  as  alter  blade  twist  I'istribution  or  airfoil  camber  between  hover  and 
cruise  or  even  perhaps  with  blade  azimuth  position,  to  vary  shaft  inclination  (the  tilt  rotor  is,  of  course, 
the  ultimate  product  of  this  degree  <t  freedom)  and  to  alter  rotor  diameter.  A  possible  concept  for  rotor 
diameter  retraction  is  shown  in  Fig.  10  and  described  in  Ref.  (7).  The  benefits  of  1*0%  diameter  variation 
are  illustrated  in  Fig.  12  for  a  compound  helicopter  and  for  a  tilt  rotor.  Although  work  on  this  sort  of 
thing  is  progressing  systematically,  the  VTOL  designer  will 'probably  not  be  allowed  to  exploit  these  possi¬ 
bilities  until  overall  VTOL  system  weight  fractions  and  maintenance  burdens  have  been  reduced  to  the  point 
where  the  extra  complexity  can  be  afforded.  For  this  we  must  look  for  all  of  the  structural  concept 
advances  we  can  get  and  we  must  also  find  simpler  means  of  achieving  variable  geometry  such  ac  the  compliant 
airfoil  concept  proposed  by  Fred  Gustafson  of  NASA  some  years  ago, 

5 .  Drive  Systems 

* 

Virtually  any  VTOI  aircraft,  (except  direct  lift  engine  configv-tcions)  must  use  connecting  drive 
shafts  of  some  sort  to  synchronize  power  distributions  to  multiple  lifting  rotor b  or  to  counter  torque  tail 
rotors.  Generally  this  shafting  must  operate  at  high  speeds  necessitating  higl  fundamental  frequency,  and 
transmit  as  much  torque  as  possible  for  minimum  weight.  The  resulting  requirement  for  high  torsional 
strength,  buckling  stability  and  lateral  stiffness  can  be  met  particularly  well  by  the  proper  application 
of  composite  technology  once  the  designer  can  define  whet  he  wants. 

The  potential  advantage  of  the  application  of  composites  to  the  tail  rotor  drive  shaft  problem  is 
illustrated  in  Fig.  12.  By  using  two  concentric  tubes  with  a  low  density  core  of  foam  to  overcome  torsional 
elastic  instability  problems,  a  drive  shaft  for  the  S-6l  helicopter  was  designed  with  significantly  better 
failure  allowables  than  was  achievable  with  either  aluminum  or  single  shell  composites.  A  major  and  un¬ 
expected  advantage  of  this  design  turned  out  to  be  ease  of  dynamic  balancing.  Apparently  the  higher  damper 
capacity  of  the  45°  composite  material  offset  any  tendency  towards  less  uniform  macs  distribution. 

Of  course,  the  most  important  attribute  of  composites  applied  to  shafting  is  the  ability  to  tailor 
stiffness  distributions  to  optimize  shaft  length  and  supports  for  minimum  weight, by  using  4f.  laminae  to 
react  torque  and  axial  layers  for  bending.  A  good  example  of  this  is  contained  in  Ref.  (8)  describing  a 
92  inch  graphite  epoxy  drive  shaft  built  uy  Bell  Helicopter  and  the  Whittaker  Corporation.  In  this  design 
in  which  the  rpm,  diameter,  span  and  number  and  orientation  of  plies  was  optimized  to  meet  critical  speed, 
torsional  stability  anu  torsional  strengths  requirements,  an  overall  weight  reduction  of  28%  was  realized 
and  studies  indicated  this  might  extend  to  34?  with  carbon  eopxy.  Ref.  (4)  is  even  more  optimistic  citing 
weight  reduction  as  large  as  52%  for  Drive  System  Shafting. 

6.  Transmissions 

Material  improvements  in  transmissions  will  of  course  reduce  weight.  Titanium  for  gears  and  short 
shafting  and  composites  for  gearbox  housing  and  for  large  ring  gears  will  both  be  used  but  advanced  steels 
will  also  have  their  place.  Typical  figures  quoted  for  the  substitution  of  composites  for  magnesium/ 
aluminum  technology  in  housing  and  support  assemblies  suggest  up  to  25%  veight  reduction. 

However,  structural  weight  reductioi  will  combine  with  many  other  conceptual  improvements  to  greatly 
enhance  systems  effectiveness.  New  bearings  should  yield  3  to  7  times  the  lives  of  current  technology  and 
gearing  material  and  forming  improvements  should  reduce  the  cost  of  fabrication  as  well  as  improving  life. 

Conformal  gear  techniques  offer  the  potential  of  3  to  4  times  the  load  capacity  for  a  given  size  and 
weight  if  critical  tolerance  and  rigidity  requirements  can  be  met.  The  Westland  WG-13  gearbox  will  be  a 
key  development  in  the  practical  Implementation  of  this  approach. 

A  basically  different  structural  approach  to  gearbox  design  is  the  roller  gear  concept.  This  concept, 
originated  by  TRW,  has  been  extensively  studied  at  Sikorsky  and  currently  a  3700  horsepower  transmission  for 
the  H-3  helicopter  is  being  built  under  AAMRDL  sponsorship  and  reported  in  Ref.  (9).  Fig.  13  shows  the  H-3 
design  which  is  projected  to  yield  a  7%  weight  reduction  over  conventional  designs  and  perhaps  a  'sJf  improve¬ 
ment  in  transmission  efficiency  (a  12?  reduction  in  transmission  losses  vhich  typically  run  about  4J). 
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7.  Control  System 

Stiffness  is  all  importa.it  in  control  systems  especially  as  high  speeds  are  often  limited  by  the 
torsional  response  to  aeroelastic  excitations  such  as  stall  flutter  in  modern  high  speed  rotary  ving  air¬ 
craft.  The  increase  in  blade  torsional  stiffness  achievable  will  help  but  the  control  system,  and  swash- 
plates  in  particular,  can  also  benefit  by  stiffening. 

8.  Airframe 

Time  and  space  won't  permit  more  than  the  most  cursory  overview  of  the  impact  of  advanced  structural 
techniques  on  airframes.  Much  of  the  gains  will  mirror  comparable  improvements  in  fixed  wing  aircraft. 

However  VTOL,  and  rotary  wing  aircraft  in  particular,  have  special  requirements  for  dynamic  response  to 
preclude  resonances  with  rotor  excitation  frequencies  and  to  optimize  model  distribution  of  the  response 
that  does  occur.  Here  again,  the  dynamicist  must  be  prepared  to  specify  the  stiffness  distribution  he  wants 
which  requires  that  he  develop  the  technology  to  take  advantage  of  the  new  freedom  highly  efficient  stiff 
structural  concepts  can  provide  him. 

A  good  example  of  the  benefits  which  can  be  achieved  is  illustrated  in  a  recent  requirement  to  stiffen 
the  tail  cone  of  the  CH-5^B  to  increase  the  separation  of  first  mode  frequency  from  one  per  rev.  Fig.  lit 
illustrates  the  problem.  A  conventional  solution  of  beefing  up  the  aluminum  skin  weighed  160  lbs.  The 
bonded  boron-epoxy  strings  reinforcement  solution  compared  in  Fig.  15  with  the  present  solution  weighed  only 
l>8  lbs.  for  a  115  lb,  weight  savings.  Such  a  saving  could  Justify  the  composite  solution  with  Boron  Epoxy 
priced  at  significantly  more  than  the  current  market  price  of  $300/lb.  Ref.  (10)  reports  on  the  design, 
analysis  and  test  of  this  airframe  modification  which  is  to  be  delivered  for  service  evaluation  early  in  1972. 

Truss  construction  techniques  may  be  especially  attractive  particularly  for  cranes,  because  they  again 
can  take  advantage  of  the  anisotropic  properties  of  fibers  and  the  "Captive  Column  Concepts".  Ref.  (ll) 
cites  projected  weight  savings  of  more  than  50?  for  composite  compression  tubes  compared  to  metal  tubes  as 
illustrated  in  Fig.  l6.  One  specific  approach,  the  "captive  column"  concept,  summarized  in  Ref.  (12), 
utilizes  3  or  -.'re  parallel  column  elements  between  a  central  core  structure  and  a  surrounding  skin  filament 
structure  to  enhance  the  strength/weight  ratio  in  buckling.  A  design  study  of  a  truss  fuselage  for  the 
CH-5*tB,  shown  in  Fig.  17,  suggested  a  savings  of  hi?  in  the  center  section,  59?  in  the  tail  cone  and  50? 
in  the  landing  gear.  Combined  with  vertical  drag  reduction  of  the  open  truss  this  could  yield  more  than  a 
ton  of  payload  for  low  speed  missions.  Similar  studies  of  weight  savings  potential  for  the  ’ompression  boom 
of  a  twin  lift  system  (see  Fig.  18)  suggested  better  than  2  to  1  weight  reductions.  This  problem  is  ideally 
suited  to  the  "captive  column  concept".  Here  the  benefit  is  not  only  in  weight  empty  but  also  is  easing  of 
ground  handling  problems  and  simplifying  the  logistics  of  boom  availability  (a  major  concern  with  regard  to 
the  twin  lift  concept).  This,  then  is  another  example  where  structural  technology  combined  with  other 
technology,  in  this  case  the  advanced  control  technology  which  can  make  twin  lift  feasible,  together  can 
produce  a  significant  advance  in  system  capability. 

Ho  discussion  of  airframe  technology  can  overlook  the  large  variety  of  sandwich  construction  concepts. 
Honeycomb  has  been  making  a  big  contribution  for  years,  particularly  in  the  area  of  cost  savings  of  curved 
elements  of  semi  structural  skin.  An  Interesting  marriage  of  these  concepts  with  high  modulus  materials  is 
illustrated  in  Fig.  19.  Studies  of  this  cargo  floor  promised  20  to  ho  nercent  weight  savings  over  •  onven- 
tional  construction  by  using  a  sandwich  structure  of  high  modulus  boron  epoxy  bottom  skin  combined  with  a 
low  density  core  to  resist  deflection,  a  balsa  wood  layer  to  absorb  impact  energy  and  a  titanium  skin  to 
provide  a  puncture  and  wear  resistant  surface. 

It  would  be  impossible  to  do  adequate  Justice  to  all  the  other  diverse  concept  improvements  that  can 
be  expected  to  enhance  the  many  other  aspects  of  airframe  design.  A  particularly  intv rg ling  possibility  is 
the  more  sophisticated  structuring  of  anisotropic  fibers  into  specially  oriented  spa  e  frame  structures.  A 
good  example  of  this  1s  the  Tetracore  concept  under  development  by  AAMRDL,  which  no+  only  tries  to  utilize 
unidirectional  fibers  in  an  optimum  manner  but  also  offers  inherent  redundancy.  Ref.  (13)  describes  this 
concept.  The  basic  Tetracore  element  is  illustrated  in  Fig.  20,  along  with  the  AVC0  "infiltrated  extrusion" 
concept,  another  approach  to  using  fiber  composites  to  maximum  advantage. 

Other  conceptual  innovations  deserving  mention  as  representative  of  areas  of  future  contributions  of 
structural  technology  to  airframes  are:  l)  Structural  armor  to  decrease  vulnerability  and  allow  the  battle¬ 
field  helicopter  to  stay  in  the  nap  of  the  earth  and  allude  larger  intensity  threats,  see  Fig.  21  and  Ref. 

(lh ) ;  2)  The  selective  use  of  frangibility  to  increase  crash  worthiness  and  survivability  (see  Fig.  25) 

and,  3)  the  use  of  ingenious  means  of  providing  flexibility  or  damping  for  vibration  reduction  and  control 
such  as  the  SUD  "Barbecue  Grill"  (Ref.  { l6 ) ) ,  the  Sikorsky  Rotor  Head  Bifilar  Absorber,  (Ref.  (17)),  the 
Kaman  "DAVI"  antiresonant  absorber,  (Ref.  (18)),  and  the  various  transmission  isolation  schemes.  Ref.  (19). 
Fig.  23  illustrates  these  concepts. 

Recently  Sikorsky  completed  an  assessment  of  the  total  weight  reduction  potential  of  all  these  promis¬ 
ing  developments  as  they  might  apply  to  a  large  crane  helicopter  airframe,  when  consideration  was  given  to 
cost  factors.  Fig.  2l»  sums  up  the  results  in  terms  of  reduction  in  airframe  percent  of  gross  weight.  These 
studies  suggested  the  feasible  range  of  reductions  in  airframe  weight  should  be  between  22  and  26?.  More 
optimistic  forecasts  are  contained  in  Ref.  (3),  where  airframe  weight  reduction  as  high  as  39?  are  forecast. 
The  difference  is  undoubtedly  related  to  the  question  of  how  far  the  application  of  high  modulus  fiber  com¬ 
posites  can  be  carried  on  a  cost  effective  basis;  only  time  will  answer  that  question.  Certainly  the  major 
technical  challenge  that  fiber  technology  must  respond  to  is  reduction  of  cost,  both  the  cost  of  the  basic 
material  and  the  cost  of  fabrication  into  the  spatial  orientation  that  takes  advantage  of  the  anistropic 
characteristics  of  fibers. 

CONCLUSIONS: 

System  Sum  Up 

What  does  all  this  mean  in  terms  of  system  capabilities  at  the  system  level?  There  is  obviously  no 
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clear  way  to  forecast  to  what  degree  economic  consideration  will  allow  the  exploitation  of  the  capabilities, 
we  have,  but  the  following  general  trends  seem  to  be  clearly  attainable  within  the  next  10  years ,  if  the 
necessary  development  support  is  forthcoming: 

1.  Weight  reductions  running  as  high  as  25  to  1*0?  in  certain  key  subsystems  should  combine  to  produce  about 
15) f  overall  reduction  in  weight  empty,  so  that  helicopter  EW/GW  ratios  now  typically  running  close  tc  62? 
should  drop  to  about  53?,  with  comparable  weight  empty  reductions  in  more  exotic  rotor  VTOL  configurations. 

2.  Aerodynamic  efficiency  improvements  made  by  the  combination  of  a  better  understanding  of  rotor  aero¬ 
dynamics  and  a  greater  freedom  to  specify  the  rotor  geometry  desired  made  possible  by  structural  advances 
will  combine  with  improved  power  plant  efficiencies  to  reduce  the  fuel  ratios  for  200  nautical  mile  mission 
from  11?  of  GW  to  about  9?. 

3.  These  aerodynamic  improvements  combined  with  the  Judicious  use  of  some  variable  geometry  will  make  signi¬ 
ficant  increases  In  cruise  speeds  achievable,  though  parasite  drag  of  vertical  lifting  systems  vill  remain 
the  ultimate  constraining  factor. 

1*.  These  improvements  will  combine  to  produce  payload  to  gross  weight  fraction  improvements  ranging  from 
1*0?  for  the  pure  helicopter  to  80?  for  the  more  exotic  low  disc  loading  composites  (tilt  or  semi-stowing 
types ) . 

5.  Transport  efficiency  (Productivity)  factors  will  rise  even  more  provided  the  materials  and  fabrication 
costs  of  utilizing  these  advanced  concepts  can  be  constrained  to  the  point  where  they  are  offset  by  a  higher 
degree  of  automation. 

Table  I  summarizes  in  a  quantitative  way,  these  "crystal  call"  trends.  The  dramatic  impact  on  transport 
efficiency  is  illustrated  in  Fig.  25,  if  we  assume  cost  factors  remain  a  constant  function  of  weight  empty. 

TABLE  I 

IMPACT  OF  IMPROVED  TECHNOLOGY 
ON  SYSTEM  EFFICIENCIES 


Helo 

1970 

Compound 

Composite 

Helo 

1980 

Compound 

Composite 

WE/GW 

.62 

.67 

.72 

.53 

.57 

.61 

Fuel /GW 

.11 

.12 

.12 

.091* 

.10 

.10 

PL/GW 

.27 

.21 

.16 

.38 

.33 

.2U 

Velocity 

175 

235 

350 

190 

275 

1*00 

PV/WE 

63 

73.6 

78 

136 

159 

190 

Ton-Miles 

0.9 

.92 

.96 

1.61 

2.0 

2.3l* 

Of  course  this  is  only  a  part  of  the  story.  Advanced  structural  concepts,  particularly  in  rotor  heads 
and  transmission  elements  can  greatly  reduce  day  to  day  maintenance  burdens  and  TBO's  to  the  point  where 
Maintenance  Manhours  per  flight  hour  are  reduced  by  a  factor  of  2  or  3  to  1.  Vulnerability  will  be  decreased 
and  survivability  increased  not  only  by  new  structural  concepts  but  also  by  new  configuration  concepts  they 
will  make  possible.  Ride  comfort  will  be  increased  and  airframe  fatigue  problems  virtually  eliminated  by 
advanced  concepts  of  vibration  control.  The  size  of  commercial  VTOL  will  Increase,  producing  the  DOC  bene¬ 
fits  which  go  with  a  larger  vehicle. 

Structural  technology  will  undoubtedly  pace  these  improvements,  particularly  in  the  evolution  of 
techniques  to  take  advantage  of  the  anisotropic  characteristics  of  composites.  But,  as  these  illustrations 
show,  the  system  designs  and  the  aerodynamics  and  structural  dynamic  disciplines  must  come  up  with  comparable 
concepts  improvements  before  the  full  potential  can  be  realized. 
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Figure  1.  Current  VTOL  Payload  Capabilities  and  Productivity. 


Figure  2.  Typical  Improved  Rotor 
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Figure  3.  ABC  Titanium  Blade. 
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Figure  I*.  Pay-off  From  "'Advancing  Blade 
Concept". 


Figure  f .  Coning  Angle  Limited  Blade  Weight 
Trend  With  Gross  Weight. 


CHORDWISE 

ofIFFNESS 


BLADE  RADIUS 


Figure  7.  Stiffening  Effect  <f  Composite 
Figure  6.  Sikorsky  Boron  Epoxy  Tail  Rotor.  Construction. 


Figure  8.  Kaman  "Directed.  Class  Fiber"  Tail  Rotor. 


Figure  9.  CH-53A/D  Main  notor  Head  Spherical 
Elastomeric  Bearing  Concept. 


Figure  10.  Telescoping  Rotor  Concept. 
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Figure  11.  Pay-off  From  Retractable  Rotor. 


Figure  12.  Effect  of  Sandwich  Construction  on 
Torsional  Elastic  Stability  Limits. 


Figure  13.  Roller  Gear  Drive  Assembly 
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Figure  22.  Typical  Structural  Design  Features 
for  Reduced  Vulnerability  and 
Increased  Crashworthiness. 
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KAMAN  SEAT  ISOLATION  AEROSPATIAL  "BARBEQUE  GRILL" 

FOR  TRANSMISSION  TUNING 

Figure  23.  Vibration  Suppression  Concepts. 


Figure  2*».  Range  of  Potential  Weight  Reduction 
With  Composites  (Typical  Large 
Crane  Helicopter). 


Figure  25.  Impact  of  Advance  Technology  in 
Transport  Efficiency. 
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EVALUATION,  DEVELOPMENT,  AND  ADVANTAGES 
OF  THE 

HELICOPTER  TANDEM  DUAL  CARGO  HOOK  SYSTEM 

Gregory  J.  Wilson  and  Newton  N.  Rothman 

Tne  Boeing  Company,  Vertol  Division 
Boeing  Center,  P.0.  Box  16858 
Philadelphia,  Pennsylvania  19142 


SUMMARY 

Helicopter  transport  of  external  cargo  is  recognized  by  the  U.S.  Army  for  its 
military  applications,  efficient  use  of  available  rotary-wing  equipment,  and  enhance¬ 
ment  of  aircraft  safety.  Improvements  in  this  technique  could  provide  the  transport  of  ex¬ 
ternal  cargo  at  the  maximum  speed  of  the  nelicopter,  routine  operation  under  instrument 
flight  rules  (IFR) ,  precise  placement  of  the  load,  and  could  eliminate  the  problems  in 
hover  such  as  the  dust  cloud  and  static  electricity. 

Feasibility  studies  nave  shown  the  potential  of  the  tandem  dual  hook  concept  as  a 
viable  base  on  which  to  build  an  improved  carqo-handling  system.  Wind  tunnel  tests  and 
several  full-scale  flight  tests  have  confirmed  these  advantages  and  nave  provided  design 
requirements  for  a  new  generation  of  external  cargo  helicopters. 

Production  incorporation  of  a  dual  cargo  hook  system  is  planned  for  the  heavy- 
lift  helicopter  (HLH) .  The  system  incorporates  otner  features  such  as  variable  longitud¬ 
inal  hook  positioning,  differential  winching,  load  motion  feedback,  and  augmentation  of 
the  cargo  system  operator's  vision  under  conditions  of  poor  light  and  thick  dust. 

This  paper  describes  the  requirements  for  an  improved  helicopter  external  cargo¬ 
handling  system,  reviews  the  programs  which  have  established  the  feasibility  of  a  tandem 
dual  cargo  hook  system,  and  explains  the  system  slated  for  the  heavy-lift  helicopter. 

IMPORTANCE  OF  EXTERNAL  CARGO  TRANSPORT 

The  intensive  use  of  the  helicopter 
in  the  Vietnam  war  has  provided  an  oppor¬ 
tunity  to  evaluate  this  aircraft  under 
the  most  rigorous  and  extreme  environmental 
and  combat  situations.  Among  the  many 
lessons  learned  is  that  external  transport 
can  account  for  more  than  75  percent  of 
all  cargo  missions,  even  when  a  large 
cabin  and  straight-in  loading  are  simultan¬ 
eously  available  (1).  The  key  words  under¬ 
lying  this  preference  are  productivity  and 
flexibility.  By  eliminating  cargo-loading 
time  and  substituting  the  time  for  simple 
hookup  and  release,  ton-miles  can  be 
logged  in  almost  direct  proportion  to 
operational  hours.  Given  a  short-radius, 
multiload  mission,  a  single  helicopter 
flies  many  sorties.  For  a  mission  in¬ 
volving  a  series  of  light  loads,  the  heli¬ 
copter  uses  either  a  piggyback  or  multiple 
load  tecnnique  (See  Figure  1) . 

Tne  short  time  spent  by  the  externally  loaded  helicopter  near  the  ground  in  hover 
enhances  combat  safety  in  terms  of  reduced  exposure  to  gunfire. 

REQUIREMENTS  FOR  AN  IMPROVED  EXTERNAL  CARGO  SYSTEM 

The  major  drawbacks  and  limitations  *o£  the  current  generation  of  external  load 
helicopters  will  be  overcome  by  the  successful  fulfillment  of  the  following  require¬ 
ments  for  the  soon-to-be-developed  heavy-lift  helicopter: 

e  Payload  -  A  design  payload  of  22.5  tons  will  for  the  first  time  put  the  helicopter 
on  an  economical  basis  in  the  areas  of  unloading  of  containerized  cargo  ships  and 
forwarding  of  the  cargo  to  the  users.  The  military  significance  of  this  requirement 
cannot  be  overemphasized  in  light  of  the  deep-water  ports  that  had  to  be  built  in 
Vietnam  to  overcome  waiting  by  ships  for  as  long  as  104  days  before  offloading  (2) . 

e  Multipoint  Load  Suspension  System  -  In-flight  stabilization  of  external  loads  by 
multiple  attachments  to  the  helicopter  will  remove  the  primary  restraint  to  high 
forward-flight  speeds  encountered  with  single-point  cargo  suspensions.  It  will  also 
permit  instrument  flight  with  sling  loads,  lowering  of  requirements  for  pilot  skill. 


Figure  1,  Formation  of  CH-47  Helicopters 
With  External  Loads 
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reduction  in  pilot  fatigue,  and  positive  control  of  the  load  in  azimuth  without 
ground  assistance  during  load  placement. 

e  Precise  Position  and  Altitude  Stabilization  in  Hover  -  Stringent  limits  on  position 
stabilization,  coupled  with  an  in-flight  load-winching  feature,  will  make  this  heli¬ 
copter  a  true  portable  crane.  For  example,  compatibility  is  assured  with  all  types 
of  containerships,  including  those  not  possessing  winches  for  below-decks  extraction 
of  containers. 

e  Visual  Augmentation  System  -  The  helicopter  crew  will  be  able  to  see  during  covert 
night  operations  for  hookup  and  placement  of  loads  without  floodlights. 

TANDEM  DUAL  CARGO  HOOK  SYSTEM 


Vertol  began  to  develop  dual  cargo  hook  concepts  in  1966  with  analyses  and  layouts 
of  longitudinally  (tandem)  and  laterally  displaced  systems  (3).  The  studies  indicated 
that  substantial  increases  could  be  gained  in  the  yaw  moment  reaction  which  the  heli¬ 
copter  could  impart  to  the  cargo  with  a  dual  hook  system  over  a  single,  nonswiveling 
hook.  The  superiority  of  the  dual  hook  scheme  to  other  multipoint  systems  was  revealed 
by  its  inherent  simplicity,  low  weight,  and  absence  of  redundant  elements. 

Wind  tunnel  tests  were  performed  in  1967  / 
to  confirm  the  analytical  results  (See  Figure 
2) .  This  method  of  investigation  permitted 
the  use  of  higher  airspeeds  than  current 
helicopters  could  achieve  and  enabled  the 
probing  of  instabilities  without  the  safety- 
of-flight  considerations  of  full-scale  test¬ 
ing. 

One -eleventh-scale  models  of  a  U.S. 

Army  XM102  105mm  howitzer  and  a  Conex  con¬ 
tainer  were  used  to  determine  the  ability 
of  the  wind  tunnel  to  duplicate  full-scale 
aerodynamic  instabilities.  Both  of  these 
loads  had  previously  shown  well-defined, 
repeatable  instability  modes  in  full-scale 
flight  with  a  single-point  hook.  The  wind  tunnel  tests  of  the  models  showed  excellent 
agreement  with  flight  tests  by  duplicating  correctly  the  instability  modes *of  both  loads. 
The  scaled  airspeeds  at  which  the  instabilities  commenced  were  also  reasonably  close  to 
the  real  thing,  as  shown  in  Table  I. 
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Figure  2.  Sling  Model  in  Wind  Tunnel 


Following  validation 
of  the  approach,  a  group  of 
loads  was  first  tested  with 
single-point  and  then  with 
dual  hook  systems  at  two 
lateral  separations  (20  and 
40  inches  full-scale)  and 
at  four  tandem  separations 
(20,  40,  80,  and  100  inches 
full-scale) .  The  summar¬ 
ized  results  of  these  tests 
are  shown  in  Figure  3. 

These  tests  confirmed 
that  a  dual  cargo  hook  sys¬ 
tem  would  stabilize  a  sling 
load  to  speeds  which  were 
then  beyond  the  capabilities 
of  current  helicopters. 

They  also  demonstrated  certain  advantages  of  the  tandem  layout  over  the  lateral,  partic¬ 
ularly  for  loads  of  rectangular  p^anform.  For  streamlining,  a  rectangular  load  must  be 
flown  with  its  long  axis  parallel  to  the  helicopter  at  pitch  attitudes  which  avoid 
aerodynamic  load  oscillations  and  provide  minimum  drag.  With  the  tandem  layout,  the 
separation  between  the  hooks  controls  the  change  in  pitch  attitude  with  airspeed.  Fur¬ 
thermore,  if  the  lengths  of  the  tandem  cables  can  be  changed  in  flight,  pitch  attitude 
becomes  readily  adjustable. 

More  wind  tunnel  tests  were  performed  in  1968  to  evaluat  9  the  stability  character¬ 
istics  of  the  sling  loads  to  be  carried  by  an  advanced  heavy  helicopter  (See  Figure  4) . 
The  objectives  were  to  investigate  heavy  loads;  a  tandem  hook  separation  of  24  feet;  the 
effect  of  helicopter  sideslip  angle  on  load  stability;  and  the  effect  of  a  cockpit  and 
load-facing  operator's  cabin  ahead  of  the  load. 

The  maximum  stable  airspeeds  obtained  under  different  loads  with  the  single¬ 
point  and  24-foot  t.andem  dual  hook  systems  are  shown  in  Table  II .  Tne  table  also  shows 
some  of  the  results  obtained  with  the  helicopter  in  yawed  flight. 


TABLE  I 

COMPARISON  OF  FULL-SCALE  AND  WIND 
TUNNEL  TEST  RESULTS 


Load 

Instability  Mooe 

Instability  Speed  (knots) 
Full-Scala  Wind  Tunnel 

105  howitzer 
2,900  lb 

Coupled  yaw- 
circular  pendulum 
oscillation 

80-100 

60-80 

Conex  Box 
1,500  lb 

Pure  rotation 

65 

40-50 

Conex  Box 
7,500  lb 

Pure  rotation 

80  90 

60-80 
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These  tests  cor¬ 
roborated  the  earlier 
trends  and  supported 
the  conclusion  that  the 
next  logical  step  should 
be  a  full-scale  flight 
demonstration . 


5jS 


FLIGHT  TESTS  WITH 
THE  CH-47  HELICOPTER 


Figure  3. 


*  WIND  TUNNEL  LIMIT 
Stability  Comparison  of  Single-Point 
and  Tandem  Suspensions 


In  1969  Vertol  con¬ 
ducted  flight  tests  to 
evaluate  tandem  dual 
hook  systems  against  a 
conventional  single¬ 
point  hook  (4) .  Tne  ob¬ 
jectives  of  this  testing 
were  to  verify  the  im¬ 
provements  of  the  dual 
hook  system  in  load 
stabilization  and  air¬ 
speed  with  aerodynamical- 
ly  unstable  loads;  estab¬ 
lish  the  effects  of 


Figure  4. 


Wind  Tunnel  Model  of  Advanced 
Heavy  Helicopter 
for  the  single-point 
tests. 

For  the  two- 
point  tests,  the  air¬ 
craft  was  outfitted  with 
a  steel  beam  as  shown  in 
Figure  5  to  support  the 
two  suspension  cables. 

The  beam  was  hung  from 
the  standard  cargo  nook 
and  was  restrained  from 
movement  in  the  horizon¬ 
tal  plane  by  end-boxes 
attached  to  the  bottom 
of  tne  fuselage.  The 
entire  rig  could  be 
jettisoned  in  an  emer¬ 
gency  by  opening  che 
standard  cargo  hook. 

Fixed-length  cables  of 
7.5,  50,  and  100  feet 
were  used  to  simulate  a 
helicopter  winening  sys¬ 
tem;  tne  cables  could  be 
attached  to  tne  beam  at 
a  separation  of  12  or 
24  feet. 


normal  air  turbulence;  explore  the  dy¬ 
namic  interaction  between  the  helicopter 
and  the  load;  and  determine  the  tolerance 
of  the  dual  hook  systems  to  normal  man¬ 
euvering  of  tne  helicopter. 

The  test  loads  were  selected  to 
represent  three  classes  of  loads:  a  bluff 
body  (an  empty  8  x  8  x  20-foot  shipping 
container  weighing  5,200  pounds);  an 
aerodynamic  shape  (a  stripped  CH-47  fuse¬ 
lage,  3,650  pounds);  and  a  high-density 
load  (105mm  howitzer,  4,980  pounds).  Tne 
container  and  fuselage  represented  high- 
drag,  low-density  loads  that  are  usually 
difficult  to  transport  on  n  single-point 
hook. 

The  test  aircraft  was  a  CH-47B  heli¬ 
copter  which  was  in  standard  configuration 


TABLE  II 

WIND  TUNNEL  COMPARISON  OF  ADVANCED  HEAVY 

HELICOPTER  SINGLE- 

POINT  AND  TANDEM  HOOK  SYSTEMS 

Helicopter 

Stable  Airspeed  ,(kn<?^f) 

Weight 

Model 

Yaw 

Single- 

24-Poot 

Sling  Load 

(lb) 

Scale 

Angle 

Point 

Tandem 

Limitation 

CH-47  nelicopter 

33,000 

i/n 

0 

123  (load 

- 

Divergent 

flew  broad¬ 
side  from 

40  to  120 
knots) 

oscillation 

0 

- 

170 

Slight  yaw 
oscillation 

20* 

- 

,70 

None 

Bx8x20-ft 

4,700 

1/20 

0 

60 

- 

Lateral 

container 

(empty) 

oscillation 

0 

- 

170 

- 

15* 

” 

130 

Against  land¬ 
ing  gear 

Ml  1 3 

20, 310 

1/20 

0 

160 

- 

Slight 

armored  person- 

oscillation 

nel  carrier 

0 

_ 

170 

_ 

20* 

- 

170 

* 

8xBx40-f t 

5,  $66 

1/20 

0 

100 

- 

Against  land- 

container 

(empty) 

0 

- 

170 

ing  gear 

M110  8-in. 

58,500 

1/20 

0 

140 

- 

Large  oscil- 

•elf-pro- 

(load  flew  broad- 

lation 

pelled  gun 

side  from  120 
140  knoto) 

to 

0 

* 

170 

I 


I 

% 

.1 
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Each  test  load  was  flown  with  a  24- 
foot  separation  on  7.5-foot  and  50-foot 
cables,  with  and  without  a  spreader  bar 
at  the  hooks;  the  shipping  container  and 
howitzer  were  also  flown  on  100-foot 
cables.  Each  load  was  also  flown  with  a 
12-foot  separation  at  a  7.5-foot  cable 
length . 

The  tests  were  planned  to  ensure  a 
safe  buildup  of  airspeed  and  maneuver 
severity.  Emphasis  was  placed  on  reason¬ 
ably  severe  pilot-induced  upsets  for  gust 
simulation  and  aircraft  maneuvering  to 
ensure  adequate  evaluation  of  each  con¬ 
figuration. 

The  level-flight  evaluation  was  be¬ 
gun  at  50  to  60  knots;  speed  was  then  in¬ 
creased  to  the  helicopter  power-limited 
speed  in  10-  to  20-knot  increments,  de¬ 
pending  on  load  stability.  Load  stability 
was  evaluated  at  each  airspeed  as  follows: 

e  In  straight-and-level  flight. 

•  With  control  pulse  excitation  in  both  directions  in  pitch,  roll,  and  yaw.  The  control 
excitations  were  1  to  1.5  inches  of  control  displacement,  held  for  approximately  0.5 
second  and  returned  to  trim. 

•  Sideslip  maneuvers  to  the  left  and  right  to  15  degrees  at  speeds  below  100  knots  and 
10  degrees  at  100  knots  and  above. 

•  Turn  maneuvers  to  the  left  and  right  to  30-degree  bank  angles  with  operational  roll 
rates  on  entry  and  rollout  (approximately  10  degree/second  roll  rates) . 

e  Other  normal  maneuvers  such  as  accelerations,  decelerations,  climbs,  and  descents  in 
the  course  of  the  speed  buildup. 

Flight  under  simulated  instrument  conditions  was  conducted  with  a  hood.  Actual 
instrument  experience  was  gained  with  many  loads  flown  in  conditions  of  low  visibility 
and  in  overwater  flight  where  no  reference  to  the  horizon  was  available. 

Load-induced  linear  accelerations  in  the  lifting  helicopter  pose  the  most  sig¬ 
nificant  problem  in  instrument  flight.  These  disorienting  acceleration  forces  were  at 
low  amplitudes;  however,  the  frequency  range  wae  in  the  band  of  normal  aircraft  maneuver¬ 
ing  response.  The  pilot  had  to  sort  out  his  motion  cue  information  and  maintain  the  de¬ 
sired  aircraft  attitude  and  flight  condition. 

With  visual  reference  the  pilot  has  excellent  information  for  monitoring  his 
flight  condition  and  can  immediately  identify  any  load-induced  cues;  he  can  then  relax 
and  ride  them  out.  In  instrument  conditions  the  pilot  must  check  out,  by  instrument 
reference,  all  motion  cues  in  maneuvering  or  gust  upsets.  False  motion  cues  cause  the 
pilot  to  become  tense  and  to  tire  rapidly. 

Single-Point  Suspension 

In  hover,  all  the  test  loads  exhibited  a  familiar,  slow,  random  yawing  under  the 
helicopter.  In  the  climbout  and  in  level  flight  the  container  assumed  a  nominal  broadside 
position  and  yawed  to  the  left  and  right  through  +45  degrees.  This  yaw  oscillation  limit¬ 
ed  the  maximum  safe  speed  for  the  single-point  hook  with  the  container  to  40  knots. 

The  CH-47  fuselage  load  was  stable  in  the  climbout  and  in  the  level-flight-cruise 
buildup.  Maximum  speed  in  level  flight  was  70  knots;  this  was  limited  by  minimum  load- 
to-fuselage  clearance.  In  partial-power  descents  at  50  knots,  a  very  abrupt,  heavy  yaw 
oscillation  developed  in  the  fuselage  which  excited  a  very  heavy  longitudinal  swinging 
and  threatened  to  cause  a  collision  between  the  load  and  the  aircraft.  This  instability 
limited  the  safe  forward  speed  to  approximately  35  knots. 

Tandem  Dual  Hook  System 

The  test  loads  were  flown  in  the  configurations  and  at  the  airspeeds  shown  in 
Figure  6.  The  contribution  of  the  spreader  bar  to  stability  was  inadequate  to  overcome 
its  disadvantages  in  load  hookup,  crew  safety,  and  suspension  system  dead  weight. 

In  all  hover  maneuvers  the  loads  were  stable  in  the  short  pendant  (7.5-foot)  con¬ 
figuration  with  excellent  load  control  in  azimuth  with  the  two-point  suspension.  All 
loads  remained  3tabie  in  the  climbout  and  in  the  airspeed  buildup.  The  container  and 
fuselage  were  transported  at  120  knots,  which  was  the  power-limited  maximum  speed  of  the 
test  helicopter.  The  loads  were  very  stable  and  well-damped  to  all  pilot-induced  upsets 
and  in  all  normal  flight  maneuvers.  In  simulated  IFR  flight  the  loads  were  considered 


Figure  5.  CH-47B  Helicopter  Wlt'»  External 
Load  on  Tandem  Dual  Hook  System 
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acceptable;  however,  a  lightly  damped 
longitudinal  load  oscillation  followed 
heavy  gust  upsets  or  control  excitations. 
This  oscillation  produced  longitudinal 
accelerations  in  the  helicopter  and 
made  the  pilot  work  harder. 

In  the  long-cable  configurations, 
the  container  and  fuselage  loads  ex¬ 
hibited  a  long-period  yaw  oroillation 
which  produced  a  coupled  3  ateral  and 
longitudinal  swinging  due  to  side  lift 
and  drag  variations.  This  tendency 
toward  load  oscillation  with  the  long 
cables  limited  maximum  forward  speeds 
to  50  to  70  knots  for  the  50-foot  length 
and  50  knots  for  the  100-foot  length. 

Load  stability  during  hover  with  the 
50-  and  100-foot  cables  was  considered 
acceptable,  with  light  damping  to  in¬ 
duced-pendulum  oscillations.  The 
contribution  of  the  two-point  system 
to  heading  retention  was  evident  in 
hover  tests,  even  with  the  long  cables. 

All  test  loads  were  flown  in  a 
short  pendant  configuration  at  a  12- 
foot  separation.  Load  stability  with  the  12-foot  separation  permitted  carrying  the  shipping 
container  and  the  fuselage  at  the  power-limited  speed  of  115  knots;  higher  drag  from  the 
increased  trail  angle  of  the  load  caused  this  slight  reduction  in  power-limited  speed. 

There  was  a  slight  decrease  in  stability  from  the  24-foot  separation  as  evidenced  by  more 
load  motion  following  gust  or  control  upsets;  however,  damping  was  adequate  for  acceptable 
handling  in  all  normal  maneuvers. 

This  flight  test  program  substantiated  the  capability  of  a  tandem  dual  cargo  hook 
system  to  provide  load  restraint  to  aerodynamically  unstable  external  loads,  thereby 
enabling  safe  transport  at  very  high  airspeeds.  Gusts  and  normal  air  turbulence  caused 
transient  responses  of  the  loads  which  made  instrument  flying  difficult,  but  had  no 
long-term  effect.  Normal  maneuvering  of  the  helicopter  was  acceptable,  with  the  ex¬ 
ception  of  steep  descents  at  high  sink  rates,  during  which  some  loads  could  float  up 
and  contact  the  fuselage. 
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Figure  6. 


♦SPEED  LIMITED 
BY  POWER  AVAILABLE 
Airspeeds  With  Tandem  Dual  Hook 


FLIGHT  TESTS  WITH  THE  MODEL  347  HELICOPTER 


In  August  1971  additional  flight  tests  were  conducted  with  the  Boeing-Vertol  Model 
347  advanced-technology  helicopter  and  the  tandem  dual  hook  beam  shown  in  Figure  7. 


Figure  7.,  Model  347  Advanced-Technology  Helicopter  end  Details 
of  Tandem  Dual  Hook  Beam 


The  objectives  of  these  tests  were  to  define  the  effect  of  different  levels  of 
helicopter  stability  on  the  external  load  and  on  the  capability  for  precision  hover; 
establish  the  necessity  for  active  stabilization  of  the  load;  and  further  define  the 
design  criteria  for  the  cargo-handling  system  for  the  heavy-lift  helicopter. 

External  loads  included  the  8  x  8  x  20-foot  shipping  container,  both  empty  and 
ballasted;  an  empty  8  x  8  x  8-foot  shipping  container;  and  high-density  lead  blocks.  A 
hook  separation  of  12  feet  was  used  for  the  tests. 


1.68  INCHES  AFT  STICK 


Aircraft  attitudes,  rates,  and  accelerations  were  measured  in  each  of  the  three 
principal  axes.  Dual  hook  cable  angles  were  measured  in  the  aircraft  longitudinal  and 
lateral  axes,  along  with  forward  and  aft  cable  tensions  and  accelerations  on  tne  ex¬ 
ternal  loads. 

Stability  of  the  helicopter  was  varied  by  starting  with  the  basic,  unaugmented 
stability  level  and  then  incrementally  energizing  the  active  stabilization  systems.  At 
each  stability  level,  pilot  step  or  pulse  inputs  were  applied  individually  to  each  of 
the  pitch,  roll,  yaw,  and  thrust  controls  and  the  responses  of  the  helicopter  and  load 
were  recoil'’ -  Data  were  recorded  at  three  airspeeds*  hover, -60  knots,  and  100  knots; 
and  with  two  simulated  winch  cable  lengths:  4  feet  and  8  feet.  Rover  data  were  also 
obtained  with  a  50-foot  winch  cable  length. 

An  example  of  the  type  of  data  obtained  during  this  program  is  shown  in  figure  8. 
Time  histories  of  helicopter  response  to  a  pilot  pitch  input  without  a  sling  load,  and 
of  helicopter  and  load  response  with  a  dual -hook-suspended  external  load  are  presented. 
The  dual  suspension  concept  provides  a  dynamically  stable  load  configuration.  In  com¬ 
parison  to  the  response  character ip  cics  without  an  external  load,  two  observations  can 
be  made.  First,  the  load  motion  is  lightly  damped  (9  percent  critical  damping),  re- 
8  x  a  x  20-foot  container  quiring  several  cycles  before  it  sub- 

6o"knotsHOCK  SEPARA‘xot<  sides.  The  current  O.S.  military  speci- 

.  — j —  fication  covering  flying  qualities  of 

j\  1.68  inches  aft  stick  longitudinal  -stjck  position  helicopters  (MIL-H-8501)  requires  a 

*  . . "-n.-xL.-iiT  ,-i  r.-ariT,-  minimum  Qf  ii  percent  critical  damping 

pitch  attitude  for  instrument  flight  and  5.5  percent 

- —  —  ■■  . .  1 1 1 1,. i  critical  damping  for  visual  flight  (See 

.  1 Figure  9) .  Second,  the  load  motion  in- 
cock-  it  longitudinal  acceleration  duces  both  Pitch  attitude  changes  and 

- -  -m-mnrm-  longitudinal  acceleration  in  the  heli- 

forward  hookj^ngitodinal  position  copter  ,  c  the  mode  frequency. 

— 'v  y  \  J^**‘*****v_  |  fi_,  These  atceleration  forces  represent 

V  false  mo  :ion  cues  to  the  pilot  and  can 

result  i’i  pilot-induced  oscillations  in 
the  control  system. 

no  sling  load  While  reduction  of  data  is  still 

A—r-  60  1(1,018  in  progress  on  this  program,  the  results 

_  )  'V6  INCHES  AFT  ST1CK  longitudinal  stick  position  confirm  the  desirability  of  active  load 

stabilization  and  also  provide  a  strong 

_ pitch  attitude  data  base  for  control  system  studies  for 

— i  . .  the  heavy-lift  helicopter.  Items  such 

\  ^  as  the  measured  maximum  cable  angles  and 

cockpit  longitudinal  acceleration  the  effects  of  maneuvers  and  external 

load  aerodynamic  forces  on  cable  tensions 

i - 1 - 1 - 1  will  be  used  in  the  design  of  the  cargo- 

0  5  10  15  handling  system  for  the  HLH. 
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NO  SLING  LOAD 
60  KNOTS 
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1.66  INCHES  AFT  STICK  LONGITUDINAL  STICK  POSITION 


PITCH  ATTITUDE 


TIME  -  SECONDS 


Figure  8.  Time  Histories  of  Helicopter 
Response  With  and  Without 
Sling  Load 

HEAVY-LIFT  HELICOPTER  DUAL  CARGO  HOOK  SYSTEM 


The  heavy-lift  helicopter  will  incorporate  a  tandem  dual  hook  system  with  integral, 
pneumatically  powered  hoists  as  shown  in  Figure  10.  Integral  precision  hover  and  dis¬ 
play  systems  will  provide  safe,  _ _ _ 


routine  instrument  flight  up  to  the 
aircraft's  power-limited  maximum 
speed  with  an  external  load,  and 
accurate  placement  of  the  load  from 
an  altitude-  and  attitude-stabilized 
hover  position. 


MIL-H-8501A- 

IFR-»i 

VFR-i. 


.SHORT-PERIOD. 
MODE  „ 


Variable  Longitudinal  Hook 
Positioning 

The  two  hoists  are  mounted  on 
traversing  mechanisms  which  permit 
adjustments  in  hook  separation  from 
16  to  26  feet.  The  16-foot  minimum 
spacing  is  based  on  compatibility 
with  containerships  requiring  below- 
decks  extraction  of  the  3  x  8  x  20- 
foot  container.  The  26-foot  separ¬ 
ation  was  calculated  from  a  hook 
soparation-to-external-load  length 
ratio  of  0.6  and  a  load  length  of 
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of  40  feet.  Ratios  of  at  least 
0.6  have  provided  excellent 
high-speed  cargo  stability  under 
both  visual  and  instrument  flight 
conditions.  Loads  over  40  feet 
in  length  can  be  flown,  but 
some  degradation  of  instrument 
flight  characteristics  may  be 
er'-ountered. 

Load  Motion  Feedback 

The  flight  control  system 
for  the  heavy-lift  helicopter 
will  include  a  load  motion 
feedback  capability  to  enable 
precise  control  of  aircraft  and 
external-load  positioning  ~nd 
to  ensure  stability  of  the  sus¬ 
pended  load  in  gusts.  This 
system  will  sense  load  motion 
and  provide  stabilizing  control 
as  required  to  effectively 
damp  any  random  or  pendulum  load  motions.  In  a  typical  control  situation,  the 
pilot  or  load-controlling  crewman  will  make  the  desired  control  input  or  displace¬ 
ment  and  the  load  motion  feedback  system  will  shape  the  actual  control  inputs  to 
the  rotors  to  satisfy  the  pilot's  command  without  exciting  any  undesirable  motion 
of  the  load.  The  effect  of  wind  gusts  will  be  minimized  by  automatic  corrections 
to  maintain  a  precise  hover  position.  The  final  configuration  of  this  system  will  emerge 
from  the  recently  completed  full-scale  flight  tests  and  studies  of  the  flight  control 
system  now  in  progress. 

Differential  Winching 


GUIDES 


Figure  10.  Tandem  Dual  Hook  System  for 
Heavy-Lift  Helicopter 
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Different  cargo  attitudes  are  desirable  at  various  stages  of  an  external-load 
mission.  With  the  tandem  dual  hook  system  load  attitude  control  follows  quice  natur¬ 
ally  from  differential  adjustment  or  winching  of  the  two  hoist  cables. 

Figure  11,  which  depicts  the  unloading  of  a  containership, demonstrates  the  require¬ 
ments  for  the  following  load  attitudes! 

e  In  hover  (velocity,  V  “  0)  over  the  ship,  a  level  load  attitude  is  required  for  ex¬ 
traction  from  the  vertical  guide  rails  which  support  the  containers  in  tiers, 
e  During  climbout  at  60  knots,  a  load  attitude  providing  optimum  aerodynamic  stability 
is  required. 

e  In  cruise  (velocity,  V  *  125  to  135  knots),  the  cargo  attitude  should  be  adjusted 
fc.r  minimum  aerodynamic  drag  and  positive  load-stability  gradients. 


Figure  11.  Cargo  Load  Attitudes  at  Different  Stages  of 
External-Load  Mission 


Visual  Augmentation  System 

An  external-cargo  display  system  incorporating  visual  augmentation  is  required  to 
permit  precise  positioning  of  the  aircraft  over  a  load  for  pickup  and  for  cargo  place¬ 
ment  under  poor  visual  conditions  caused  by  darkness,  blowing  snow,  and  dust. 

A  visual  enhancement  system  designed  to  supplement  direct  eyesight  should  have  a 
field  of  view  at  least  as  large  as  that  of  the  human  observer.  To  provide  such  a 
capability,  a  very  wide  angle  lens,  commonly  called  a  fish-eye  lens  oy  the  optics  in¬ 
dustry,  can  be  employed.  A  schematic  diagram  of  a  potential  heavy-lift  helicopter 
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system  using  a  fish-eye  lens  is  shown  in  Figure  12. 


Figure  12.  Schematic  Diagram  of  Visual  Augmentation  System 


The  pilot  display  fcr  cargo-handling  oper¬ 
ations  is  shown  in  Figure  13.  To  hook  up  the 
load  the  pilot  need  only  position  the  heli¬ 
copter  so  that  the  desired  hook  touchdown 
point  (represented  by  the  appropriate  white 
cross)  is  superimposed  on  the  hookup  point,  and 
then  lower  the  hook  (represented  by  the  appro¬ 
priate  white  circle)  until  the  hook  engages 
the  cargo. 

CONCLUSIONS 

Extensive  analytical,  wind  tunnel,  and 
full-scale  flight  tests  have  proved  the  merits 
of  the  tandem  dual  cargo  hook  concept  for 
stabilizing  helicopter  external  loads.  The 
heavy-lift  helicopter  will  be  the  first  pro¬ 
duction  aircraft  to  incorporate  this  system, 
along  with  the  hover  precision,  in-flight  load 
winching,  and  load  motion  feedback  necessary 
to  make  it  adaptable  and  versatile.  This 
should  open  the  way  to  high-speed  transport  of 
external  loads  by  helicopters  under  all  weather 
conditions. 


Figure  13.  Pilot's  Display  From  Visual 
Augmentation  System 
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MATERIALS  Pgt  ADVANCED  ROTORCRAFT 
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1.  INTRODUCTION 


I  must  first  apologise  for  the  fact  that  this  paper  bears  very  little  resemblance  to  the  title 
given  in  the  programme  -  or  even  to  the  title  on  the  cover.  This  is  because  the  whole  thing  was  invented 
by  M.  Poisson-Quinton  and  I  may  say  that  it  came  as  a  severe  shock  to  see  it  in  print.  My  initial  reaction 

was  to  send  a  rude  cable  to  Paris  but  after  some  thought  I  decided  that  I  would  try  to  conjure  new  rabbits 

out  of  the  array  of  magical  materials  we  now  have  available  to  us. 

In  this  I  have  failed  dismally,  thus  exposing  the  fact  that  I  am  neither  inventor  nor  original 

thinker  but  1  think  I  have  uncovered  something  of  importance  which  should  be  aired  and  indeed  I  feel  should 

have  been  a  formal  topic  on  the  Agenda.  Thus  the  real  substance  of  this  paper  is  out  of  order  in  present¬ 
ation  but  in  deference  to  the  programme  I  have  taken  materials  as  a  background. 

2.  ADVANCED  ROTORCRAFT 


The  issue  which  has  not  been  discussed  is  what  we  mean  by  'Advancement'. 

When  one  who  is  not  a  prophet  is  compelled  to  prophesy  the  only  way  open  is  to  look  back  into 
history  to  some  similar  time,  observe  the  subsequent  pattern  of  developments,  and  then  argue  that  our  future 
can  be  guessed  at  through  parallels  and  analogies.  Provided  that  this  technique  is  used  carefully  it  can  be 
a  valuable  guide;  unfortunately  my  analogies  all  seem  to  point  to  what  will  not  happen  rather  than  what  will. 

Insofar  as  materials  are  concerned  the  only  period  I  have  been  able  to  identify  is  the  late  20 's 
when  aircraft  construction  was  changing  over  from  wood  to  metal.  If  the  present  time  really  were  to  offer 
comparable  opportunities  then  we  could  look  forward  to  tremendous  developments,  unfortunately  the  parallel 
is  incomplete  for  at  that  time  many  other  features  which,  in  combination,  were  ultimately  to  transform  the 
aeroplane,  were  coming  into  use.  For  example  the  re-tractable  undercarriage,  variable  pitch  propellers, 
new  fuels  and  bigger  engines.  Also  emerging  was  better  understanding  of  the  mechanics  of  aeroplanes.  The 
true  nature  of  induced  drag  was  clear,  an  important  paper  by  Melvill  Jones'  brought  out  the  value  of  reducing 
drag,  it  was  known  how  to  make  skin  structures  carry  loads  and  there  was  a  growing  understanding  of  airline 
economics.  Just  over  the  horiaon  were  the  gas  turbine  and  rocket  engines  and  the  prooabillty  of  supersonic 
and  space  flight.  Thus  the  designers  of  that  day  had  a  whole  array  of  new  features  at  their  disposal  and 
these  were  an  enormous  spur  to  advancement  for  almost  unlimited  improvements  in  performance  and  payload 
seemed  to  be  possible.  There  was  a  captive  military  market  and  the  civil  opportunities  were  most  tempting. 
Perhaps  most  important  for  the  engineers  of  that  time  the  technical  possibilities  generated  enthusiasm, 
they  inspired  vision  and  permitted  a  continuing  hope. 

In  the  rotorcraft  world  no  such  situation  obtains  to-day.  The  limitations  on  performance  are 
fundamental  rather  than  simply  technical  and  although  there  is  no  shortage  of  sohemes  for  avoiding  the 
limits,  those  schemes  fail  comneroially  because  their  advantages  cannot  find  a  market.  The  fact  is  that 
with  the  exception  of  those  military-type  tasks  which  require  the  ability  to  land  and  take-off  anywhere,  all 
the  aeronautical  markets  appear  to  have  been  pre-eapted  by  fixed  wing  aircraft.  Rotorcraft  seem  to  be  forty 
years  too  late  to  exploit  anything  other  than  the  ability  to  land  and  take-off  vertically.  What  is  worse, 
the  progress  of  fixed  wing  aircraft  has  become  the  standard  of  and  the  golden  road  to,  achievement.  Thus 
when  we  talk  of  "Advanced  Rotorcraft"  we  mean  machines  which  will  follow  the  fixed  wing  path  -  with  a  few 
added  virtues. 

There  have  beeninwmerable  attempts  to  achieve  this  standard  -  compound  helicopters,  tilt  wings, 
ducted  fans,  tilt  rotors,  the  ABC  helicopter  and  so  on.  These  investigations  have  taken  twenty  years  or 
more  and  they  are  now  so  much  part  of  our  heritage  that  we  automatically  assume  that  an  Advanced  Rotorcraft 
will  be  some  similar  new  concept. 

I  believe  that  this  implicit  assumption  is  doing  rotorcraft  much  harm.  They  cannot  possibly 
have  the  same  standards  or  follow  the  same  course  as  fixed  wing  aeroplanes  because  the  starting  points  are 
not  the  same.  Fixed  wings  and  rotary  wings  are  fundamentally  different,  the  former  are  designed  to  work  at 
high  speed  but  the  latter  can  fly  at  sero  speed.  Nothing  we  do,  from  tilt  rotors  to  fan  lift,  can  hide  the 
fact  that  rotorcraft  are  meant  to  fly  at  low  speeds  and  fixed  wing  aircraft  for  high  speeds.  The  courses 
of  their  evolution  must  be  totally  different  and  it  follows  that  we  must  try  to  evolve  our  own  standards  of 
advancement.  Of  course  one  can  sympathise  with  this  twenty  year  search  for  an  aeroplane  which  combines  the 
virtues  of  fixed  and  rotary  wings  with  the  defects  of  neither.  But  the  reason  for  it  is  not  Just  the  desire 
to  achieve  a  performance,  it  is  a  way  and  I  believe  an  artificial  way,  of  sustaining  the  atmosphere  which 
has  been  one  of  the  mainsprings  of  aeronautical  advance. 

It  is  artificial  because  this  is  not  the  1920's.  Not  only  is  the  range  of  technical  possibilities 
much  more  limited  nowadays  but  also  the  attitudes  to  aeronautics  are  so  different.  Fifty  years  ago  every¬ 
body  wanted  speed  and  pioneering  achievements  and  technological  developments.  Nowadays  they  do  not;  com¬ 
fort,  convenience  (most  certainly  not  any  form  of  inconvenience),  a  distaste  for  war  and  an  awareness  of 
commercial  necessity  form  the  social  background  for  the  advancement  of  rotorcraft. 

Against  this  we  must  ask  what  rotorcraft  have  to  offer,  or  in  what  sense  they  are  deficient  and 
then  decide  how  the  advances  should  be  made.  In  other  words  we  must  first  establish  what  is  the  market 
and  supply  that,  rather  than  just  making  things  because  they  are  interesting  and  possible.  Designers 
must  also  be  willing  to  derive  encouragement  and  importance  from  a  new  source  -  for  example  the  fact  that 
they  are  doing  society  a  service  rather  than  giving  a  lead  in  technology. 
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The  feature  which  rotorcraft  have  to  offer  and  must  be  exploited  is  their  ability  to  get  in  and 
out  of  small  landing  sites.  It  confers  great  flexibility.  Speed  and  economy  of  operation  are  obviously 
important  factors  but  they  only  become  paramount  if  a  competitive  form  of  transport  exists.  That  is  why 
hybrid  transport  rotorcraft  are  hard  to  sell,  because  they  are  deliberately  attesting  to  compete  with  a 
faster,  cheaper  method.  The  form  of  transport  which  depends  upon  flexibility  for  its  appeal  is  the  motor 
car.  From  the  point  of  view  of  speed  the  advantage  lies  with  the  helicopter,  particularly  over  water  and 
congested  areas,  provided  that  the  distance  is  between  50  and  250  miles.  The  disadvantages  of  the  heli¬ 
copter  are  that  it  is  not  cheap  to  buy  or  run  and  not  simple  to  operate,  particularly  in  poor  visibility. 

These  are  the  deficiencies  to  be  overcome  and  it  will  be  obvious  at  once  that  there  is  no  place 
in  this  scheme  for  what  we  generally  think  of  as  advanced  hybrid  Rotorcraft.  A  $0%  increase  in  speed  at  the 
expense  of  great  complexity,  some  loss  of  flexibility  and  an  increase  in  cost  does  not  yet  have  much  appeal. 
I  have  no  doubt  that  a  market  for  these  devices  will  emerge  but  only  as  a  consequence  of  the  wider  use  of 
helicopters. 

Therefore  the  improvement  of  helicopter  comfort,  ease  of  flying  and  maintenance  and  a  little  in 
speed  and  economy  should  be  our  first  aim.  I  would  also  add  that  they  ought  to  look  more  robust  and  attract¬ 
ive.  At  the  moment  they  all  have  what  one  may  charitably  call  a  utilitarian  or  fundamental  appearance  but 
still  manage  to  look  remarkably  like  the  prototype  of  the  early  191*0's. 

If  this  probably  wider  civil  use  is  not  sufficiently  inspiring  then  one  can  turn  to  military 
applications.  Anti-submarine  operations  scouting  and  local  transport  are  already  recognised  as  the  pro¬ 
vince  of  the  helicopter  but  I  believe  that  by  the  1980's  the  fighting  helicopter  will  have  come  into 
common  use.  Indeed  I  hope  so  for  I  believe  that  this  development  is  necessary  to  a  wider  civilian  accept¬ 
ance  and  appreciation  of  rotorcraft.  I  have  chosen  the  phrase  "fighting  helicopter"  deliberately  to  dist- 
inquish  it  from  existing  military  types  which,  with  one  or  two  exceptions,  are  transport  aeroplanes. 

Low  level  operations,  against  ground  and  air  targets,  will  be  the  sphere  of  the  fighting  heli¬ 
copter.  For  this  purpose  they  will  be  heavily  armed  and  armoured,  able  to  fly  at  200  knots  or  so,  be  very 
manoeuvreable  and  have  a  high  rate  of  climb.  Manoeuvreable  here  means  the  capacity  for  high  accelerations 
along,  normal  to  and  about  the  flight  path  so  that  the  aircraft  can  rapidly  change  attitude  and  position. 

The  speed  is  necessary  to  avoid  small  arms  fire  as  well  as  for  travelling  quickly  from  place  to  place. 

The  big  basic  difference  which  I  see  between  these  helicopters  and  present  day  machines  will  be 
in  the  installed  power.  Something  like  five  times  the  present  level  of  power  is  needed  to  bring  helicopt¬ 
ers  into  the  same  general  performance  bracket  as  fixed  wing  ground  attack  aircraft.  It  will  be  necessary 
to  make  rotors  and  perhaps  other  lifting  and  propulsive  devices,  which  can  absorb  this  power.  There  is 
great  scope  here,  and  in  the  development  of  suitable  armour,  for  the  use  of  new  materials. 

3.  SOME  NEW  MATERIALS 

Altogether  then  my  contention  is  that  the  conventional  helicopter  is  the  machine  we  should  ad¬ 
vance.  In  broad  terms  we  must  seek  to  make  it  more  widely  usable.  This  will  undoubtedly  mean  a  change  in 
its  appearance  and  perhaps  configuration  as  the  geometric  proportions  of  the  various  components  change. 

New  materials  must  play  a  part  in  this  transformation  and  it  is  likely  that  radically  new  mechanical  pro¬ 
perties  will  be  wanted. 

Obviously  the  greatest  value  of  now  materials  will  be  in  the  reduction  of  structure  weight  but 
helicopters  provide  much  wider  scope.  Unlike  fixed  wing  aeroplanes  -  and  this  is  another  reason  why  a 
parallel  with  the  1920's  cannot  be  drawn  -  rotorcraft  make  direct  use  of  forces  associated  with  elasticity 
and  inertia  as  well  as  with  airflow.  Thus  materials  can  be  enqjloyed  to  improve  handling  qualities. 

Examples  of  this  have  already  been  discussed  at  this  meeting.  Kerr  Reichert  and  Herr  Huber  have  explained 
how  torsionally-flexible  blades  with  a  chordwise  offset  c.g.  can  be  used  to  improve  stability  and  control. 

Mr.  Balmford  has  explained  how  to  obtain,  in  a  semi-rigid  rotor,  the  values  of  flapping  and  lagging  stiff¬ 
ness  needed  to  improve  response  and  maintainability  whilst  keeping  low  edgewise  bending  stresses  and  avoid¬ 
ing  ground  resonance. 

These  two  examples,  and  there  are  many  others,  make  use  of  fibre  glass  and  titanium,  materials 
which  can  be  classed  as  new  because  they  are  only  Just  coming  into  common  use.  They  do  not  produce  rad¬ 
ically  lighter  structures  than  steels  or  light  alloys  but  they  are  now  well-known  to  engineers  and  we  must 
expect  their  use  to  continue  and  expand.  However  they  are  not  particularly  cheap.  Whilst  fabrication  in 
glass  fibre  car.  be  mechanised  raw  material  of  aircraft  quality  is  quite  expensive,  good  tooling  is  essential, 
a  lot  of  development  is  necessary  and  good  quality  personnel  are  required.  Virtually  the  same  is  true  of 
titanium.  Fig.1  shows  a  rotor  hub  forged  in  one  piece  from  titanium. 

A  material  which  at  the  moment  appears  to  have  most  to  offer  the  helicopter  is  carbon  fibre  re¬ 
inforced  plastic  and  to  conclude  I  propose  to  outline  some  of  the  ways  in  which  it  might  be  used. 

3.1.  Carbon  Fibre  Reinforced  Plastic  (C.F.R.P.) 

This  is  a  really  unusual  material.  Like  all  composites  its  mechanical  properties  cannot  be 
simp?./  defined  because  the  fibre  orientation,  distribution  and  content  and  the  constitution  of  the  resin, 
all  depend  upon  the  item  which  is  to  be  made.  But  a  few  generalisations  are  possible. 

In  its  cross-plied  form  the  ratio  of  the  elastic  modulus  to  the  density  is  twice  that  of  metals. 
Its  tensile  strength  for  half  the  weight  is  comparable  with  that  of  dural  and  evidence  from  simple  specimens 
shows  that  the  fatigue  stress  for  infinite  life  can  be  as  high  as  60%  of  the  ultimate  stress.  It  is  avail¬ 
able  in  short  lengths  or  as  a  continuous  fibre,  as  a  felt  or  mat  or  cloth  and  in  the  form  of  sheet  or  tape. 
Bonds  with  other  composite  materials  are  easily  made.  Broadly  speaking  it  is  a  material  most  useful  for 
those  structures  whose  design  is  governed  by  stiffness  or  aero-elastic  requirements. 

Of  course  carbon  fibre  has  disadvantages  in  that  it  corrodes  rapidly  if  brought  into  contact 
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with  certain  metals,  the  strain  to  fracture  is  small  so  that  it  is  not  easy  to  fabricate,  and  there  are 
difficulties  in  learning  to  design  in  brittle  materials.  At  the  moment  the  coat  is  very  high. 

Nevertheless  we  can  assume  that  these  problems  will  be  overcome  in  time.  Already  there  have 
been  big  advances  in  methods  of  fabrication.  An  example  of  a  tape -winding  machine  is  shown  in  Fig. 2  and 
recently  a  very  useful  machine  tool  for  forming  felts  has  been  developed. 

Until  the  proper  techniques  of  fabrication  have  been  learned,  the  stressing  rules  are  known 
and  a  suitable  code  of  airworthiness  has  been  established,  carbon  fibre  will  be  primarily  used  to  reduce 
the  weight  of  conventional  structure  elements.  Beyond  that  time  we  can  think  of  using  it  to  make  possible 
things  which  otherwise  would  not  have  been. 

a. 

One  item  which  shows  a  very  big  improvement  in  weight  is  the  drive  shaft  .  Fig. 3  shows  a  U  ft. 
long  U  ins.  diameter  specimen  which  transmits  700  horse-power.  Including  the  glass  fibre  end  fittings 
this  weighs  only  h0£  of  its  metal  equivalent.  A  bigger  structure  now  under  manufacture  is  the  tail  boom 
of  a  Wasp  helicopter.  This  is  a  tapered,  truncated  cone  of  irregular  cross  section  about  10  ft.  long, 
designed  by  stiffness  requirements.  The  weight,  even  when  a  plastic  super  factor  of  1 *3  is  imposed,  is 
only  75%  of  that  of  the  metal  boom.  Fig.lt  shows  a  section  built  to  examine  the  problems  of  joining  the 
boom  to  the  fuselage  proper. 

These  are  examples  of  fibre  used  as  the  main  material  of  construction  but  there  is  also  great 
scope  for  the  use  of  C.F.R.P.  as  a  local  stiffening  or  reinforcing  element.  Fig. 5  shows  a  glass-fibre 
tailplane,  again  for  the  Wasp  helicopter,  with  a  carbon  stiffener  over  part  of  the  upper  surface.  For 
a  5%  increase  in  weight  the  natural  frequency  of  the  tailplane  was  raised  by  over  20jS. 

The  value  of  mixing  glass  fibre  and  carbon  fibre  is  becoming  generally  recognised.  The  select¬ 
ive  use  of  carbon  produces  structures  which  are  basically  cheaper,  easier  to  fabricate  and  more  efficient 
than  elements  made  entirely  in  that  fibre.  Some  examples,  such  as  propeller  blades  with  carbon  fibre  spars 
and  rotor  blades  with  carbon  fibre  trailing  edges  are  already  in  use.  The  torsional  stiffness  of  glass  fibre 
and  honeycomb  rotor  blade  is  very  effectively  increased  by  a  skin  of  carbon  fibre. 

It  is  now  clear  that  large  overall  savings  in  weight  are  possible.  A  study  carried  out  on  a 
helicopter  of  8,000  lb.  A.U.W.  shows  that  the  saving  can  be  as  much  as  5>00  lb.  with  even  more  if  felting 
techniques  can  be  used  to  replace  castings.  There  is  therefore  a  good  prospect  of  decreasing  the  structure 
weight  of  conventional  helicopters  by  about  20%  (of  the  structure  weight)  and  this  should  happen  towards 
the  end  of  the  70's. 

As  yet  there  does  not  seem  to  be  a  case  for  using  carbon  fibre  as  the  primary  spar  material  in 
conventional  rotor  blades.  The  reasons  are  that  blade  stiffness  is  primarily  centrifugal  and  saving  weight 
in  the  spar  is  not  helpful  if  it  has  to  be  put  back  by  the  mass-balance.  But  for  rotors  of  high  solidity  or 
semi-rigid  systems  as  stiff  as  the  ABC  the  combination  of  low  weight  with  high  stiffness  and  good  fatigue 
properties  will  be  invaluable. 
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I  have  argued  that  the  real  advancement  of  rotorcraft  will  be  the  wider  use  of  helicopters  - 
and  not  in  the  emulation  of  fixed  wing  performance .  For  civil  use  the  aerodynamic  performance  will  not 
Improve  much  but  new  materials  should  bring  about  some  real  gains  in  economy  of  operation  and  in  the  ease 
of  maintenance.  This  is  especially  important  because  relative  to  other  forms  of  transport,  helicopters 
have  been  getting  cheaper  anyway.  If  there  is  now  a  chance  of  them  becoming  cheaper  in  absolute  terms  we 
can  look  forward  to  a  great  expansion. 

One  exciting  prospect  is  the  use  of  materials  to  provide  better  handling  qualities;  Everyone 
would  like  the  helicopter  to  be  easier  and  more  positive  to  fly.  I  would  regard  research  into  this  subject 
as  a  matter  of  high  priority  for  there  are  several  issues  to  be  resolved. 

Military  use  of  transport  and  scouting  aircraft  will  continue  of  course,  helped  by  new  materials 
just  like  civil  aircraft.  But  the  big  advance  must  come  in  the  development  of  fighting  helicopters.  One 
can  imagine  that  these  will  require  rotors  of  much  greater  disk  loading  and  solidity,  with  thinner  blades 
and  higher  tip  speeds.  They  will  have  auxiliary  lifting  surfaces  and  extra  propulsive  devices  such  as 
dual-purpose  propellers.  Special  materials  and  new  attitudes  of  mind  will  be  needed  to  make  these  aircraft. 
Sikorsky  Helicopters  have  already  shown  what  is  possible  by  ling  armour  plate  as  a  main  structural  element. 
It  now  only  requires  some  inventive  genius  to  use  the  attack  wapons  as  part  of  the  structure.  Some  caution 
in  this  respect  is  necessary  though.  It  was  suggested  to  us  that  gun  barrels,  if  filament  wound  in  carbon 
fibre  would  be  much  reduced  in  weight.  This  was  followed  up  with  enthusiasm  until  it  was  remembered  that 
the  fibres  have  a  negative  coefficient  of  thermal  expansion. 

Both  civil  and  military  helicopters  will  gain  from  Improvements  in  their  appearance.  In  order 
to  be  more  pleasing  to  the  eye  their  structures  should  fill  more  of  the  volume  they  occupy.  Retractable 
undercarriages  help  considerably.  The  'Fenestron'  is  a  most  welcome  innovation  for  it  nukes  the  rear  end 
less  untidy  and  it  restores  symmetry.  In  a  similar  way  the  ABC  should  make  main  rotors  more  attractive 
provided  that  the  height  requirements  do  not  leave  it  looking  like  a  parasol  byplane.  New  materials  will 
have  a  big  part  to  play  here  and  there  is  a  case  for  taking  some  of  their  weight  advantage  and  using  it  in 
ways  which  have  aesthetic,  rather  than  economic,  appeal. 

Many  people  will  no  doubt  feel  that  I  have  dismissed  hybrid  rotorcraft  too  lightly  and  on  purely 
technological  grounds  they  will  be  right.  In  proportion  to  the  helicopter  such  aircraft  gain  more  from  the 
use  of  new  materials  but  the  real  question  is  still  whether  they  will  be  able  to  satisfy  a  market.  The 
proportionately  higher  gain  is  due  to  the  fact  that  at  the  moment  the  extra  complications  and  redundant 
items  weigh  far  too  much.  That  this  disadvantage  can  be  eliminated  I  do  not  doubt  but  it  is  still  the 
case  that  the  hybrid  is  meant  to  compete  with  fixed  wing  aircraft,  which  themselves  will  employ  new  mat¬ 
erials  and  be  even  more  advanced  a  decade  from  now.  The  market  for  convertible  rotor  aircraft,  does  not 
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yet  exifet  but  it  will  I  think  be  generated  when  there  are  more  helicopters  about  and  one  commercial 
pressure  or  another  makes  increases  in  performance  worth  while.  Of  course. when  the  ultimate  in  new 
materials  has  been  developed  it  is  most  unlikely,  if  not  inconceivable,  that  rotorcraft  will  look  as  they 
do  now.  Their  configuration  is  partly  dictated  by  the  materials  available  and  a  revolution  in  their  prop¬ 
erties  will  almost  certainly  lead  to  new  configurations.  Some  of  these  will  be  advanced  hybrid  rotorcraft. 
We  should  therefore  be  unwise  not  to  continue  our  basic  research  into  these  machines. 


Finally  a  word  about  the  materials  themselves.  The  development  of  the  various  composites  has 
led  to  a  better  fundamental  understanding  of  the  mechanics  of  materials.  In  particular  it  is  becoming 
clear  how  to  make  substances  which  combine  the  desirable  features  of  ease  of  fabrication,  low  density, 
high  resistance  to  fatigue,  ultimate  strength,  toughness  etc.  One  example  of  this5 mixes  carbon,  boron  and 
epo^r  resin.  It  is  therefore  likely  that  real  revolution  is  possible  for  there  is  an  unlimited  passport 
of  new  materials  for  both  general  and  special  use.  On  the  other  hand  it  is  certain  that  considerations  of 
airworthiness,  econony,  durability  and  the  lack  of  appropriate  design  experience  will  make  the  practical 
adoption  of  these  inventions  a  slow  process. 
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SUMMARY 


The  helicopter  is  the  most  successful  and  best  understood  type  of  VTOL  aircraft,  whilst 
the  subsonic  turbofan  aircraft  is  the  accepted  form  of  short/medium  range  commercial  transport.  The 
Stopped  Rotor  Aircraft  combines  the  characteristics  of  these  two  types  and  would  seem  therefore  to  offer 
considerable  potential  in  the  VTOL  short  range  transport  Reid.  However,  closer  investigation  reveals 
that  the  constraints  applied  by  one  lifting  system  on  the  other  are  such  that  a  successful  compromise  is 
difficult  to  achieve.  This  compromise  is  eased  by  utilising  the  unique  properties  of  the  Circulation 
Controlled  Rotor. 

The  paper  examines  the  fundamental  problems  of  the  Stopped  Rotor  Aircraft  and  shows  why 
the  Circulation  Controlled  Rotor  is  ideally  suited  to  such  an  aircraft.  The  aerodynamic  characteristics 
of  the  Circulation  Controlled  Rotor  are  discussed  and  the  results  of  test  data  presented.  Finally,  the 
evolution  of  a  typ'cal  stopped  rotor  aircraft  design  using  circulation  controlled  rotors  is  illustrated. 

1.  INTRODUCTION 

The  process  of  evolution  in  aviation  has  led  to  two  well  established  and  quite  different 
types  of  aircraft.  On  the  one  hand  there  is  the  conventional  Subsonic  Turbofan  Aircraft,  and  on  the  other 
the  conventional  Helicopter.  Between  these  two  extremes  there  is  a  whole  range  of  V/STOL  types  which 
have  been  considered  and/or  developed  with  varying  degrees  of  success.  Figure  1  attempts  to  summarise 
the  field  and  indicates  where  some  success  has  been  achieved.  The  most  obvious  successes  have  been 
Direct  Jet  Lift,  Vectored  Jet  Lift  and  Tilt  Wing  in  the  VTOL  field,  and  Turboprop  in  the  STOL  field. 

The  Stopped  Rotor  Aircraft,  which  in  principle  combines  the  characteristics  of  both  helicopter  and 
conventional  turbofan  aircraft,  has  not  appeared  prominently  in  the  many  and  varied  V/STOL  studies 
that  have  been  performed  by  aviation  groups  during  the  last  decade.  It  would  appear  that  the  problems 
and  penalties  associated  with  the  design  of  this  type  of  VTOL  aircraft  are  such  that  a  feasible  solution 
has  either  eluded  designers  completely  or  the  projects  that  have  been  evolved  are  non-competitive.  This 
paper  examines  the  problems  of  the  Stopped  Rotor  Aircraft  and  shows  why  many  of  them  can  be  solved 
by  using  the  Circulation  Controlled  Rotor.  The  use  of  the  Circulation  Controlled  Rotor  for  Stopped  Rotor 
Aircraft  was  originally  proposed  by  Dr.  I.  C.  Cheeseman  of  the  National  Gas  Turbine  Establishment  in 
reference  1.  It  has  subsequently  been  studied  by  Hawker  Siddeley  Aviation  and  considerable  research 
work  has  been  completed  both  by  NGTE  and  HSA. 

This  paper  surveys  the  work  performed  by  NGTE  and  HSA  and  traces  the  major  steps  in 
the  HSA  project  studies. 

2.  DESIGN  PROBLEMS  OF  STOPPED  ROTOR  AIRCRAFT 

2.1  Disc  Loading  and  Blade  Loading 

Most  conventional  helicopters  are  designed  with  rotor  disc  loadings  of  about  5  lb/aq  ft, 
blade  loadings  of  80  -  100  lb/sq  ft  and  tip  speeds  of  about  700  ft/sec.  Figure  2  shows  rotors  of  these 
proportions  super-imposed  on  the  planform  of  a  typical  subsonic  aircraft.  The  wing  of  this  aircraft  has 
an  aspect  ratio  of  5  and  a  wing  loading  of  120  lb/sq  ft  optimised  for  short  range  high  Mach  number 
cruise  and  uncompromised  by  airfield  performance  considerations.  The  rotors  are  assumed  to  be  three 
bladed  since  this  poses  the  least  mechanical  problem  associated  with  folding.  Clearly  the  rotor  blades 
are  of  such  a  length  that  they  cannot  be  accommodated  easily  when  folded.  By  increasing  the  disc  loading 
more  manageable  blade  lengths  are  achieved  but  only  at  the  expense  of  wide  blade  chords  which  re¬ 
complicate  the  problem  of  blade  folding  and  lead  to  wide  unwieldy  stowage  compartments.  The  tandem 
layout  with  a  disc  loading  of  10  lb/sq  ft  appears  to  offer  a  workable  arrangement  but  obviously  the  problem 
of  folding  and  stowage  would  be  considerably  eased  if  both  disc  loading  and  blaae  loading  were  increased. 
This  problem  is  further  aggravated  for  civil  applications  where  noise  is  important.  It  is  desirable  in 
these  circumstances  to  limit  the  tip  speed  to  about  500  ft/sec  and  this  leads  to  a  further  reduction  in 
the  useable  blade  loading.  Clearly  the  use  of  very  much  higher  blade  Cl's  and  hence  blade  loadings, 
would  help  to  solve  the  blade  folding  and  stowing  problems. 

2.2  Blade  Divergence 

Conventional  rotor  blades  possess  very  little  bending  stiffness  in  their  own  right.  In 
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normal  helicopter  flight  the  bending  momenta  due  to  lift  are  reacted  almost  completely  by  the  stiffness 
imparted  by  the  centrifugal  inertia  forces.  When  the  rotor  of  a  Stopped  Rotor  Aircraft  is  slowed  at  the 
end  of  transition  this  centrifugal  "stiffness"  disappears  and  lift  forces  can  only  be  reacted  by  the  real 
blade  stiffness.  Although  under  these  conditions  the  rotor  lift  is  designed  to  be  zero,  there  will  inevitably 
be  lift  forces  generated  due  to  gusts  and  other  flow  disturbances.  For  any  rotor  there  is  a  critical  flight 
speed  at  near  zero  rotational  speed.above  which  aero-elastic  divergence  will  occur  in  the  blade  bending 
mode.  This  problem  has  been  investigated  in  Reference  2.  It  is  likely  that  divergence  can  only  be 
avoided  with  conventional  rotors  if  transition  speeds  are  limited  to  low  levels..  This  leads  to  low  wing 
loadings  and  complicated  high  lift  devices  with  consequent  weight  penalties. 

2.3  Oscillatory  Loads 

As  the  helicopter  rotor  rotates  in  forward  flight  the  blades  are  subjected  to  a  continually 
varying  incidence  pattern.  This  incidence  pattern,  together  with  the  variations  in  dynamic  head 
experienced  by  the  blades  results  in  complex  oscillatory  forces.  These  forces  can  be  nullified  to  some 
extent  by  the  conventional  cyclic  pitch  control.  However,  this  control  is  normally  only  capable  of  first 
harmonic  variation  and  quite  large  multi-harmonic  forces  remain.  Under  normal  helicopter  operating 
conditions  the  frequency  of  these  oscillatory  forces  is  such  that  they  are  largely  absorbed  by  the 
mechanical/aerodynamic  damping  and  inertia  of  the  rotor  itself  and  only  a  relatively  small  proportion 
is  felt  by  the  airframe.  During  the  rotor  stopping  phase  of  the  Stopped  Rotor  Aircraft  there  are  several 
reasons  why  these  oscillatory  forces  will  be  more  troublesome. 

(i)  The  multi -harmonic  content  of  the  forces  increases  and  cannot  be  counteracted 
by  the  cyclic  pitch  control. 

(ii)  The  frequency  of  the  forces  reduces  and  hence  is  less  readily  damped. 

(iii)  The  rotor  system  needs  to  be  stiffer  than  that  of  the  conventional  rotor  in  order 
to  avoid  the  divergence  problems  of  Section  2.2. 

For  these  reasons  the  Stopped  Rotor  Aircraft  will  exhibit  very  poor  ride  qualities  during 
the  rotor  stopping  phase  unless  it  is  possible  to  reduce  the  incidence  dependant  lift  characteristics  of 
the  blades. 

2.4  Gust  Upsets 

During  the  rundown  phase  on  a  Stopped  Rotor  Aircraft  the  rotor  will  be  very  susceptible 
to  gusts.  The  effect  of  these  gusts  will  be  to  produce  irregular  random  forces  and  moments  on  the 
slowly  rotating  rotors.  On  some  configurations  these  forces  and  moments  will  be  unsymmetrical  and 
could  lead  to  serious  stability  and  control  problems  during  the  rotor  rundown  phase.  Clearly  the  high 
blade  loadings  and  low  incidence  dependant  lift  qualities  shown  to  be  desirable  in  Sections  2.1  to  2. 3 
would  also  show  benefit  here. 

2.  5  Desirable  Characteristics  for  the  Rotors  of  Stopped  Rotor  Aircraft 

From  the  discussion  of  section  2.1  it  is  desirable  to  use  a  disc  loading  of  at  least  10  lb/sq  ft 
for  Stopped  Rotor  Aircraft  in  order  to  achieve  blade  lengths  compatible  with  stowage.  High  design  blade 
CL's  are  then  necessary  in  order  to  reduce  the  blade  chords  and  tip  speeds  to  acceptable  levels.  In  order 
to  avoid  blade  divergence  during  the  rotor  stopping  phase  it  is  probably  necessary  to  use  sections  which 
have  low  incidence  dependant  lift  characteristics.  At  the  same  time  the  use  of  very  thick  sections, 
particularly  at  the  blade  root  will  help.  Combination  of  high  blade  loading  and  low  incidence  dependant 
lift  will  lead  to  the  reduction  of  the  rotor  rundown  oscillatory  forces  and  the  sensitivity  of  the  slowing 
rotor  to  gusts. 

3.  CHARACTERISTICS  OF  CIRCULAR  SECTIONS  WITH  INDUCED  CIRCULATION 
3.1  Lift  Characteristics 

A  rotor  blade  of  circular  cross  section  with  circulation  induced  by  blowing  goes  a  long  way 
towards  fulfilling  the  requirements  of  Section  2.  5.  The  lift  characteristics  of  such  a  section  are  shown 
in  Figure  3  compared  with  those  of  a  conventional  aerofoil.  This  data  is  for  a  circular  cylinder  of  finite 
span  and  aspect  ratio  12  and  is  taken  from  Reference  3.  Other  data  on  circular  cylinders  are  available 
from  NOTE  work  in  References  4,  5,  and  6.  The  total  information  available  on  circulation  controlled 
cylinders  varies  considerably  in  both  quality  and  performance  and  much  further  work  is  required  before 
a  full  understanding  of  the  parameters  involved  is  acquired.  However,  Figure  3  shows  a  fairly  high 
standard  of  performance  from  the  available  evidence.  As  can  be  seen  the  available  lift  coefficient  for  a 
circulation  controlled  cylinder  is  many  times  greater  than  that  for  a  conventional  aerofoil  and  this  means 
that  the  useable  blade  loadings  are  at  least  five  times  greater  than  those  for  conventional  aerofoils. 
Although  the  incidence  dependant  lift  characteristic  at  high  blowing  momentum  are  much  the  same  as 
that  for  a  conventional  aerofoil  the  change  in  dimensional  lift  for  a  given  incidence  change  will  be  much 
lower  for  the  circulation  controlled  section  due  to  the  high  blade  loadings  that  can  be  used. 
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3.2  Critical  Mach  Number 


Although  the  characteristics  outlined  above  suggest  that  a  circular  section  is  ideally 
suited  to  high  disc  loading,  low  tip  speed  rotors  of  low  solidity,  their  use  is  in  fact  extremely  limited, 
due  to  their  very  low  critical  Mach  Numbers.  Figure  4  shows  the  critical  Mach  number  of  a  circular 
cylinder  with  induced  circulation.  Under  hovering  conditions  if  the  high  Cl's  available  are  used,  tip 
speeds  have  to  be  limited  to  300  •  350  ft/ sec.  This  leads  to  high  induced  power  and  high  rotor  torque 
which  results  in  significant  weight  penalties  in  the  rotor  drive  system.  If  a  reasonably  high  transition 
speed  is  used  to  avoid  low  wing  loadings  and  complex  high  lift  systems  the  low  critical  Mach  number  of 
the  circular  section  leads  to  difficulties  here  also.  With  a  transition  speed  of  say  140  kts  the  rotor 
r.p.m.  has  to  be  restricted  to  a  level  low  enough  to  avoid  the  advancing  tip  exceeding  M  =  0.47.  This 
means  that  the  rotor  r.p.m.  has  to  be  reduced  during  transition  but  more  important  it  results  in  advance 
ratios  approaching  unity  towards  the  end  of  transition.  Clearly  it  is  preferable  to  strike  a  compromise 
between  the  characteristics  of  a  circular  cylinder  and  those  of  a  conventional  aerofoil. 

4.  CHARACTERISTICS  OF  ELLIPTIC  SECTIONS  WITH  INDUCED  CIRCULATION 

4.1  Critical  Mach  Number 

The  critical  Mach  number  limitations  of  circular  cylinders  described  in  Section  3.2  can 
be  alleviated  by  using  elliptic  cylinders.  Figure  5  shows  the  critical  Mach  number  of  elliptic  cylinders 
as  a  function  of  Thickness/ Chord  ratio  and  induced  Cl*  The  use  of  a  40%  ellipse  and  a  tip  speed  of 
about  480  ft/ sec  leads  to  advance  ratios  of  less  than  0.  5  during  transition  for  a  transition  speed  of 
140  kts  without  rotor  slowing.  It  is  not  suggested  that  the  40%  ellipse  is  the  optimum  section  for  the 
Circulation  Controlled  Rotor,  lower  Cl's  and  higher  tip  speeds  could  be  used  if  noise  is  less  important. 
However,  it  must  be  pointed  out  that  attempts  to  produce  circulation  control  on  sections  with  small 
trailing  edge  radii  have  not  been  very  successful.  It  could  be  that  a  non-elliptic  section  with  a  more 
rounded  trailing  edge  may  offer  better  characteristics. 

4.2  Lift 

The  lifting  characteristics  of  a  40%  elliptic  section  are  shown  in  figure  6.  This  data  is 
also  taken  from  Reference  3.  Further  data  on  the  characteristics  of  elliptic  sections  are  available  in 
References  7,  and  8.  Compared  with  a  circular  section  the  40%  ellipse  shows  marginally  less 
efficiency  with  regard  to  lift  versus  blowing  momentum.  A  40%  non-lifting  ellipse  also  shows  an  incidence 
dependant  lift  characteristic  which  is  about  one  third  of  that  for  a  conventional  aerofoil.  The  maximum 
lift  coefficients  available  for  a  40%  ellipse  are  somewhat  lower  than  those  for  a  circular  section.  However, 
they  are  more  than  adequate  to  achieve  the  operating  conditions  suggested  in  section  4.  It 

The  data  shown  in  Figure  6  indicates  that  at  positive  incidence  and  high  blowing  momentum 
partial  stalling  of  the  section  is  occurring  and  this  is  thought  to  take  place  between  the  blowing  slots.  It 
is  considered  that  this  effect  can  be  improved  by  repositioning  the  slots  or  possibly  introducing  further 
slots.  Optimisation  of  the  blowing  slot  geometry  is  not  very  advanced  and  considerably  more  research 
is  required  in  this  area. 

4 . 3  Drag 

The  drag  of  circulation  controlled  sections  has  been  investigated  in  references  3  to  8  but 
at  this  stage  a  clear  picture  does  not  emerge.  In  general  one  would  expect  that  as  the  blowing  momentum 
is  increased  wake  closure  would  occur  and  this  has  been  demonstrated  in  some  of  the  experimental  data. 
However,  in  some  cases  separation  bubbles  and  spanwise  discontinuities  have  occurred  and  the  drag 
results  have  been  irregular.  The  foregoing  remarks  on  blowing  slot  position  optimisation  apply  equally 
as  far  as  drag  is  concorned.  There  is  evidence  from  some  of  the  data  that  low  drag  can  be  achieved  at 
the  expense  of  poor  lift/blow  efficiency  and  vice  versa. 

5.  ROTOR  PERFORMANCE 

5.1  Rotor  Geometry 

The  majority  of  the  work  performed  by  Hawker  Siddeley  Aviation  is  concentrated  on  rotors 
of  parallel  chord  with  40%  elliptic  tips  and  circular  sections  at  20%  radius.  The  general  arrangement  of 
a  typical  rotor  blade  is  shown  in  figure  7.  This  shows  three  blowing  slots  which  taper  linearly  from  tip 
to  root  designed  to  give  a  tip  Cl  of  2  and  a  root  Cl  of  8  under  hovering  conditions  and  maximum  normal 
acceleration.  For  reasons  which  will  become  apparent  later,  work  has  been  concentrated  on  three  bladed 
rotors. 

5.2  Induced  Power 

Many  attempts  have  been  made  in  recent  vears  to  refine  the  process  of  calculating  induced 
power.  These  have  consisted  of  making  a  more  accurate  assessment  of  the  induced  velocity  field  of  a 
rotor.  In  the  case  of  Circulation  Controlled  Rotors  the  accurate  assessment  of  thiB  velocity  field  is  even 
more  important  than  in  the  case  of  a  conventional  rotor.  The  Circulation  Controlled  Rotor  is  capable  of 
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achieving  very  high  disc  loadings  with  only  moderate  tip  speeds  and  this  results  in  large  helix  angles  in 
the  rotor  flow  field.  This  means  that  the  in-plane  induced  velocities  produce  a  significant  contribution 
to  the  induced  power.  The  induced  flow  field  for  a  rotor  of  this  kind  has  been  calculated  by  Seed  in 
reference  9. 

5.3  Profile  Power 

It  has  already  been  explained  in  Section  4.3  that  the  profile  drag  of  circulation  controlled 
sections  is  not  well  established.  For  this  reason  some  doubt  exists  regarding  the  level  of  profile  power 
for  these  rotors.  In  the  absence  of  better  information  the  profile  drag  of  circulation  controlled  sections 
has  been  assumed  to  be  equal  to  that  of  the  same  section  without  blowing. 

6.  ROTOR  MODEL  TESTS 

6.1  The  Models 

Model  test  rotors  have  been  built  by  both  Hawker  Siddelev  and  the  National  Gas  Turbine 
Establishment.  These  rotors  have  embodied  both  elliptic  and  circular  sections.  Figure  8  shows  a  4  ft 
diameter,  three  bladed  rotor  built  bv  Hawker  Siddeley  Aviation.  This  rotor  has  tips  with  40%  elliptic 
sections  tapering  to  circular  sections  at  the  root.  Each  blade  has  three  blowing  slots.  A  wide  variety  of 
tests  have  been  performed  with  this  rotor  including  free  air  hover,  and  airframe  interference  tests  in 
the  Hawker  Siddeley  15  ft  V/STOL  tunnel.  Figure  9  shows  a  12  ft  diameter  test  rotor  at  NGTE.  This 
rotor  has  circular  sections  throughout  and  is  one  of  the  earliest  rotors  tested.  This  rotor  has  subsequently 
been  modified  to  give  information  on  the  effect  of  20%  elliptic  tips.  It  has  been  tested  under  free  air  hov¬ 
ering  conditions,  under  forward  speed  conditions  in  the  RAE  24  ft  tunnel,  and  also  under  forward  speed 
conditions  on  a  specially  constructed  mobile  test  vehicle.  Tests  on  the  4  ft  diameter  Hawker  Siddeley 
rotor  are  reported  in  references  10,  11  and  12  whilst  tests  on  the  NGTE  rotor  are  reported  in  references 
13,  14,  15  and  16. 

6.2  Experimental  Results 

It  is  not  intended  in  this  report  to  qu<.te  a  comprehensive  set  of  experimental  results  since 
these  are  available  in  the  references.  However,  in  this  section  a  few  typical  results  are  quoted. 

6. 2. 1  Isolated  Rotor 

Figure  10  shows  the  shaft  horse  power  required  together  with  the  adiabatic  blowing  horse 
power  for  the  Hawker  Siddeley  4  ft  diameter  rotor  under  hovering  conditions  and  at  60  and  120  ft/ sec 
forward  speed.  The  measured  shaft  horse  power  is  in  close  agreement  with  estimates.  However,  the 
blowing  power  is  in  excess  of  that  estimated  using  the  data  on  blowing  requirements  from  Sections  3  and 
4.  It  is  thought  that  this  poor  blowing  efficiency  could  be  a  Reynold's  number  effect  since  the  blades  on 
the  4  ft  diameter  rotor  are  a  mere  1 . 5  inches  chord.  It  is  ilso  possible  that  the  blowing  power  could  be 
reduced  at  the  expense  of  an  increase  in  the  profile  shaft  power  as  suggested  in  Section  4.3.  The  results 
shown  in  figure  10  illustrate  the  considerable  penalties  in  installed  power  (about  50%)  which  one  has  to 
pay  with  Circulation  Controlled  Rotors  compared  with  conventional  rotors. 

6.2.2  Rotor  Airframe  Interference. 

The  4  ft  diameter  Hawker  Siddeley  rotor  has  been  tested  in  the  Hawker  Siddeley  1 5  ft 
V/STOL  tunnel  in  conjunction  with  a  half  model  of  a  lateral-twin  rotor  aircraft.  The  NGTE  12  ft  diameter 
rotor  has  been  tested  in  the  RAE  24  ft  tunnel  in  conjunction  with  a  full  span  wing  forming  a  central  rotor 
configuration.  These  two  sets  of  experiments  reported  ift  references  11  and  16  provided  interesting 
information  on  the  problem  of  rotor  airframe  interference.  Figure  11  illustrates  the  main  points 
resulting  from  these  experiments.  Under  hovering  conditions  the  lateral-twin  configuration  shows  a 
wing  downforce  slightly  greater  than  that  for  the  central  rotor  configuration.  However,  as  the  forward 
speed  increases  the  wings  on  the  lateral-twin  begin  to  generate  lift  at  a  very  low  forward  speed,  whereas 
the  wings  for  the  central  rotor  configuration  are  unable  to  generate  lift  until  a  much  higher  forward  speed 
is  reached.  The  implications  of  this  are  that  a  lateral-twin  configuration  would  exhibit  much  easier 
transition  characteristics  than  a  central  rotor  configuration,  but  would  suffer  more  adverse  interference 
effects  in  the  hover  and  require  more  installed  horse  power. 

7.  CYCLIC  CONTROL 

In  common  with  more  conventional  rotors,  Circulation  Controlled  Rotors  require  cyclic 
control  to  the  blade  lift.  This  cyclic  control  is  required  to  provide  the  necessary  trimming  moments 
for  CG  position,  manoeuvre  and  to  cope  with  the  effects  of  forward  speed.  Figure  12  shows  a  cyclic 
control  valve  as  devised  by  Hawker  Siddeley  Aviation.  This  is  a  sleeve  port  valve,  air  being  supplied 
from  a  plenum  chamber  through  ports  into  the  ducts  supplying  the  rotor  blades.  The  area  of  the  ports 
is  controlled  by  tapered  sleeves  surrounding  the  central  supply  duct.  The  two  tapered  sleeves  can  be 
moved  apart  in  order  to  increase  the  area  of  the  ports,  thi*'  being  equivalent  to  collective  control  on  a 
conventional  rotor.  Alternatively,  the  two  tapered  sleeves  can  be  rotated  with  respect  to  each  other. 

In  this  way  the  area  of  the  supply  ports  varied  cyclically  as  the  rotor  rotates.  This  form  of  control  is 
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equivalent  to  cyclic  control  on  a  conventional  rotor.  If  the  two  sleeve*  are  rotated  together  then  the 
azimuthal  position  of  the  cyclic  control  is  varied.  Unlike  the  cyclic  control  mechanism  on  a  conventional 
rotor  the  parts  of  the  cyclic  control  valve  shown  in  figure  12  do  not  contain  any  components  with 
reciprocating  motion.  This  represents  a  considerable  simplification  compared  with  the  conventional 
rotor  system. 


A  model  valve  embodying  the  principles  shown  in  figure  12  has  been  tested  on  the  H.S.A. 
4  ft  diameter  rotor.  These  tests  which  are  reported  in  reference  10  demonstrate  the  complete  viability 
of  the  valve.  Figure  13  shows  the  effectiveness  of  the  cyclic  control  valve  in  producing  pitching  moment 
on  the  H.S.A.  4  ft  diameter  rotor.  The  maximum  pitching  moment  produced  is  equivalent  to  a  shift  in 
lift  centre  of  about  one  quarter  of  the  rotor  radius.  In  producing,  control  moments  cf  this  order  it  is 
necessary  to  apply  the  cyclic  control  some  30  -  40°  in  advance  of  the  required  moment  vector.  Other 
forms  of  cyclic  control  valve  for  the  Circulation  Controlled  Rotor  have  been  devised  by  Hawker  Siddeley 
Aviation  and  the  National  Gas  Turbine  Establishment.  All  these  valves  are  very  much  simpler  than 
their  conventional  rotor  equivalent  and  one  of  them  includes  a  very  simple  means  of  achieving  high 
harmonic  cyclic  control.  In  addition  to  the  simplicity  of  the  cyclic  control  valve  it  is  also  worth  noting 
that  the  rotor  itself  offers  further  simplifications.  The  rotor  blades  have  no  pitch  change  mechanism, 
nor  have  they  any  flapping  or  drag  hinges. 

8.  CONFIGURATION  ASSESSMENT 

Three  possible  configurations  have  been  considered  for  Stopped  Rotor  Aircraft.  These 
are  the  Single  Central  Rotor,  the  Tandem-Twin  Rotor,  and  the  Lateral-Twin  Rotor  Configurations. 

The  table  below  compares  these  configurations. 


CENTRAL  ROTOR 

TANDEM-ROTOR 

LATERAL-TWIN 

Advantages 

i.  Good  helicopter 
background 

i.  Good  helicopter 
background 
ii.  Balanced  torque 

i.  Good  interference 
ii.  Balanced  torque 

iii.  Low  induced  power 

iv.  Symmetrical,  gust 

response 

v.  Uncompromised  cabin 
layout 

Disadvantages 

i.  Bad  interference 
ii.  Unsymmetrical  gust 
response 

iii.  Rotor  torque  reaction 

iv.  Cabin  layout  problems 

i.  Bad  interference 
ii.  Unsymmetrical  gust 
response 

iii.  Cabin  layout  problems 

iv.  High  induced  power 

_ 

i.  Poor  helicopter 
background 

The  lateral-twin  appears  most  promising  and  was  consequently  chosen  for  project  studies  by  Hawker 
Siddeley  Aviation.  In  choosing  the  lateral-twin  configuration  it  was  realised  that  there  may  be  rotor 
stowage  problems  due  to  the  absence  of  suitable  bodies  at  the  wing  tips.  However,  the  characteristics 
of  a  Circulation  Controlled  Rotor  with  the  blowing  system  turned  off  are  such  that  the  blades  can  be 
stowed  in  line  of  flight  w:thout  the  need  for  retracting  into  stowage  bays.  Initially  it  was  envisaged  that 
two  bladed  rotors  would  be  used,  simply  parked  in  the  direction  of  flight  after  transition.  However,  it 
soon  became  apparent  that  under  rotor  rundown  conditions  the  level  of  vibration  resulting  from  the 
aerodynamic  forces  on  two  bladed  rotors  would  be  such  that  the  quality  of  ride  in  the  aircraft  would  be 
extremely  poor.  It  was  therefore  decided  that  the  rotors  should  be  three  bladed,  parked  with  one  blade 
facing  forward  and  two  blades  folded  to  trail  rearwards. 

9.  POWER  PLANT  ARRANGEMENTS 

9.1  Integral  Lift  and  Propulsion  Engines 

During  the  early  part  of  the  Hawker  Siddeley  study  it  was  considered  that  a  common  power 
plant  should  be  used  for  both  vertical  and  cruising  flight.  Figure  14  shows  the  arrangement  of  the  power 
plant  which  was  evolved  at  this  time.  The  engines  are  low  bypass  ratio  turbofan  engines  with  separate 
flow  ducts.  During  vertical  flight  the  hot  stream  is  ducted  to  a  free  power  turbine  which  is  used  to  drive 
the  rotor  via  a  reduction  gearbox.  The  cold  stream  is  used  to  supply  blowing  air  to  the  rotor  via  the 
cyclic  control  valve.  The  power  plants  in  the  wing  tip  nacelles  are  connected  together  by  cross  shafting 
and  ducting  from  the  cold  blowing  system.  This  is  necessary  to  avoid  power  asymmetries  due  to  engine 
failure.  During  transition  as  the  shaft  power  and  blowing  air  requirements  of  the  rotor  diminish,  the  hot 
and  cold  gases  are  progressively  transferred  to  variable  area  plug  nozzles  in  the  base  of  the  nacelles. 

At  the  end  of  transition  all  the  engine  gases  leave  the  propulsion  nozzles  and  the  rotor  blowing  syciem 
and  drive  system  is  shut  down. 
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As  the  study  proceeded  it  became  obvious  that  this  integral  power  plant  system  had  several 
drawbacks.  These  are  as  follows:- 

(i)  At  an  intermediate  transition  condition,  before  the  wing  begins  to  generate  large  amounts 
of  lift,  there  is  a  shortage  of  power  to  be  shared  between  the  propulsion  and  lifting 
systems.  This  results  in  very  sluggish  transition  performance. 

(ii)  After  transition,  since  the  gases  are  made  to  leave  the  nacelle  from  two  separate 
nozzles,  the  hot  nozzle  produces  considerable  noise  which  is  disadvantageous  for 
civil  applications. 

(iii)  The  free  power  turbine  has  to  be  a  variable  acceptance  design  and  this  produces  poor 
efficiency  and  high  noise. 

(iv)  The  complication  of  the  plumbing  associated  with  the  cross-ducting  and  the  various 
valves  controlling  it  raise  doubts  on  airworthiness. 

*  •  » 

9.2  Separate  Lift  and  Propulsion  Engines 

As  a  result  of  the  disadvantages  listed  above, it  was  decided  to  evaluate  a  power  plant 
system  in  which  completely  separate  engines  are  used  for  lift  and  propulsion.  Such  a  system  was  not 
considered  initially  due  to  the  added  expense  of  two  power  plant  systems.  However,  it  was  realised  that 
the  expense  of  the  complicated  control  system  of  the  integral  lift  and  propulsion  engine  system  in 
Section  9.1  would  outweigh  the  cost  of  the  basic  engines.  Figure  15  shows  the  arrangement  of  a  lift 
engine  pod  for  the  separate  lift  and  propulsion  engine  system.  In  this  case  the  lift  engine  consists  'f  a 
lightweight  lift  jet  with  the  exhaust  gases  ducted  to  a  power  turbine.  The  power  turbine  drives  the  rotor 
via  a  reduction  gearbox,  and  also  an  auxiliary  compressor  to  supply  the  necessary  blowing  air.  The 
propulsion  engines  for  this  scheme  are  separate  high  by-pass  ratio  turbofan  engines  and  these  may  be 
mounted  either  on  the  wing  or  on  the  rear  fuselage.  The  simplicity  of  this  scheme  compared  with  the 
one  described  above  is  obvious  and  all  the  disadvantages  outlined  in  Section  9. 1  are  removed.  Subsequent 
project  studies  showed  that  there  was  no  weight  penalty  due  to  the  use  of  the  extra  power  plants. 

10.  HS  803  SHORT  HAUL  VTOL  TRANSPORT 

The  HS  803  is>one  of  several  Circulation  Controlled  Rotor  projects  which  have  been 
investigated  by  Hawker  Siddeley.  It  is  aimed  at  exploiting  what  are  probably  the  two  main  benefits  to  be 
derived  from  Circulation  Controlled  Rotors.  These  are  low  noise  and  the  ability  to  use  existing  power 
plants  with  a  minimum  of  special -to-type  development.  Figure  16  shows  the  general  arrangement  of  the 
Hawker  Siddeley  803.  The  lifting  power  plants  are  of  the  type  described  in  Section  9.2  and  consist  of 
Rolls  Royce  RB  162,  lightweight  lift  jets  driving  power  turbines.  The  propulsion  power  plants  are  Rolls 
Royce  Trent  turbofans  mounted  on  the  rear  fuselage.  Of  particular  interest  is  the  extremely  low  take-off 
noise  level  of  83PNdBat  1,  500  ft  radius  from  the  take-off  point.  This  noise  level  is  markedly  lower  than 
estimated  noise  levels  for  any  proposed  VTOL  type.  The  need  for  a  VTOL  aircraft  capable  of  operating 
into  city  centres  has  not  been  firmly  established  but  it  could  be  that  the  Circulation  Controlled  Rotor  offers 
the  only  means  of  producing  an  acceptable  noise  level  for  such  an  aircraft. 

Comparative  studies  performed  by  Hawker  Siddeley  indicate  that  the  Circulation  Controlled 
Rotor  Aircraft  carries  r.n  all  up  weight  penalty  of  some  10  -  15%  compared  with  a  fan  lift  VTOL  aircraft. 
However,  it  does  not  follow  that  this  necessarily  reflects  a  similar  penalty  in  first  costs,  particularly  in 
view  of  the  modest  Engine  development  required. 

11.  OTHER  APPLICATIONS 

The  Circulation  Controlled  Rotor  is  seen  as  a  system  which  allows  the  development  of 
Stopped  Rotor  Aircraft,  and  its  application  to  a  Civil  VTOL  Transport  has  been  discussed.  The  need  for 
immediate  development  of  this  class  of  aircraft  seems  doubtful  and  it  is  of  interest  to  consider  what  other 
applications  of  the  Circulation  Controlled  Rotor  seem  possible. 

The  Stopped  Rotor  Aircraft  possesses  characteristics  which  combine  reasonably  good 
hovering  efficiency  and  moderately  high  cruising  speed.  These  characteristics  would  lend  themselves  to 
missions  such  as  Search  and  Rescue  where  it  is  desirable  to  avoid  delays  in  transit  to  the  rescue  area 
and  then  be  able  to  hover  whilst  effecting  the  rescue  operation.  It  would  seem,  therefore,  that  such  a-i 
application  would  be  an  ideal  one  for  the  Circulation  Controlled  Rotor. 

As  outlined  in  Section  7,  the  Circulation  Controlled  Rotor  is  mechanically  simpler  than  the 
conventional  helicopter  rotor  and  should  therefore  require  far  less  maintenance.  It  should  be  well  suited 
to  rough  industrial  and  military  use.  Such  applications  include  a  heavy  lift  crane,  and  a  simple  utility 
military  helicopter.  Although  these  applications  exploit  the  rugged  simplicity  of  the  Circulation  Controlled 
Rotor  they  would  unfortunately  demand  the  development  of  a  similarly  rugged  power  plant. 
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12.  CONCLUDING  REMARKS 


Investigations  into  Stopped  Rotor  Air  aft  have  in  general  not  been  fruitful  due  to 
mechanical  problems  involved  in  their  design.  These  problems  can  be  largely  overcome  by  the  use  of 
the  Circulation  Controlled  Rotor.  Although  a  considerable  amount  of  research  into  the  Circulation 
Controlled  Rotor  is  required,  it  does  promise  to  lead  to  a  civil  VTOL  Transport  Aircraft  offering  extremely 
low  noise  levels  and  requiring  a  minimum  of  engine  development.  The  Circulation  Controlled  Rotor  would 
also  appear  to  be  ideally  suited  to  applications  which  require  a  combination  of  hovering  efficiency  and  high 
transit  speed,  and  to  applications  where  a  rugged,  simple,  low  maintenance  helicopter  is  required. 
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FIELDS  OF  APPLICATION  OF  JET  FLAPPED  ROTORS 

by 

M.Kretz 
Chief  Engineer 
Giravions  Dorand 
Suresnes,  France 


SUMMARY 


The  jet-flap  rotor  has  the  advantage  of  reducing  weight  and  complexity  by  integrating 
rotor  lift,  rotor  drive  and  rotor  control  at  the  source  of  aerodynamic  lift  on  the  outboard 
parts  of  the  blade.  Under  these  conditions,  two-blade  fixed-pitch  rotors  may  be  used  for 
forward  airspeeds  in  excess  of  2S0  knots.  Lift  control,  which  in  our  case  includes  multi- 
cyclic  components,  modulates  the  aerodynamic  force,  thereby  considerably  reducing  blade 
alternating  stresses  and  rotor  vibration.  Experimental  confirmation  of  theoretical  studies 
was  obtained  from  the  tests  effected  in  the  40  x  80  foot  wind  tunnel  at  the  Ames 
Research  Center  on  a  jet-flap  rotor  of  40  feet  in  diameter. 

Analysis  of  the  field  of  application  of  the  jet-flap  rotor  shows  that  the  cost-effec¬ 
tiveness  of  this  technique  is  extremely  good  when  applied  to  heavy  helicopter  and  stop¬ 
pable  rotor  designs.  Comparison  with  equivalent  mechanically  driven  heavy-lift  rotorcraft 
shows  empty-weight  gains  of  30  to  40%.  Initial  cost  gains  for  these  vehicles  is  even  higher, 
approaching  50%.  The  feasibility  of  an  aircraft  having  a  0.85  Mach  number  capability  and 
possessing  a  stoppable  and  stowable  non-folding  two-bladed  rotor  h?s  recently  been 
established. 

The  weight  analysis  in  this  case  also  demonstrates  the  attraction  of  the  jet-flap 
concept,  which  combines  the  features  of  both  low  weight  and  low  cost,  with  a  long 
duration  hovering  capability.  The  jet-flap  rotor  thus  makes  it  possible  for  the  same  air¬ 
craft  to  have  the  high  airspeed  characteristics  of  a  modem  airplane  coupled  with  the  low- 
speed  advantages  of  a  helicopter. 


When  approaching  the  subject  of  advanced  rotors  in  general  and  jet-flap  rotors  in  particular,  it  is  seen  that  an 
analysis  of  the  situation  has  both  scientific  and  technical  aspects,  often  mingled  with  elements  of  a  philosophical 
and  psychological  nature.  When  replying  to  the  question  why  have  jet-flap  rotors  not  yet  taken  their  place  amongst 
the  many  rotary  wing  applications  for  which  they  are  particularly  well  suited,  one  feels  that  technical  reasons  alone 
do  not  suffice.  Thus  it  would  appear  useful  at  this  AGARD  meeting  to  try  to  draw  a  lesson  from  the  past  in  order 
to  approach  the  future  better.  Our  Company  first  obtained  contracts  on  blown  rotor  applications  twenty  years 
ago.  During  the  years  1954  and  1956,  two  scaled-down  jet-flap  rotors  were  tested  in  the  ONERA  wind  tunnels 
and  very  encouraging  results  were  recorded.  These  results  justified  the  construction  of  a  rotor  of  practical  dimen¬ 
sions,  having  a  diameter  of  1 2  meters,  designed  for  effecting  tests  over  a  wide  experimental  range  (Fig.  1 ).  This 
and  subsequent  works  were  effected  under  French  and  American  contracts,  to  which  the  following  organizations 
contributed:  the  Service  Technique  Aeronautique  (STA6),  the  Centre  de  Prospection  et  d’Evaluation  (CPE),  the 
US  Army,  TRECOM,  AVLABS  and  NASA  through  its  Ames  Research  Center  (References  1,  2  and  3). 

The  12-meter  rotor,  designated  DH  2011,  was  projected  in  1959.  It  underwent  its  first  whirl  trials  in  1964, 
and  in  1965  it  was  tested  in  NASA’s  40  x  80  foot  wind  tunnel  at  Ames.  The  results  obtained  have  fully  demons¬ 
trated  the  effectiveness  of  this  formula.  Work  has  continued,  and  a  new  program  executed  in  the  Ames  40  x  80 
foot  wind  tunnel  in  1971  has  proven  the  soundness  of  our  forecasts. 

In  the  mean  time,  between  the  earliest  work  and  the  last  test  program,  twentv  years  have  gone  by,  a  period 
which,  if  surprisingly  long,  is  explained  by  the  modesty  of  the  appropriations  for  developing  this  technique.  Indeed, 
if  we  take  a  look  at  the  hours  of  work  expended  in  this  field,  we  are  surprised  by  the  importance  of  the  results 
obtained:  200,000  hours,  which  corresponds  to  an  average  of  5  people.  This  effort  has  allowed  the  construction 
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of  three  rotors  and  the  execution  of  four  wind  tunnel  test  programs.  It  covers,  of  course,  all  theoretical  and  prac¬ 
tical  studies  effected  to  date  and  has  enabled  us  to  accumulate  valuable  experience,  which  is  most  promising  for  the 
future, 

If  we  now  look  at  evolution  in  the  field  of  helicopters,  we  can  see  that  the  techniques  applied  over  the  last  twenty 
years  are  reaching  their  limits.  The  diversity  of  new  projects  prove  this,  as  do  recorded  performances:  world  records 
have  not  jumped  since  Sud-Aviation’s  Super-Frelon  flew  at  190  knots  in  1962.  The  latest  progress  has  been  the  intro¬ 
duction  of  the  gas  turbine  as  a  power  plant.  In  the  present  state  of  affairs,  any  evolving  technical  progress  demands 
and  will  demand  efforts  in  work  and  cost  out  of  proportion  with  gain.  This  evolution  can  be  summed  up  by  the  graph 
shown  in  Figure  2,  where  it  is  seen  that  the  performance  obtained  for  a  given  technique  of  new  concept  increases 
rapidly  at  the  start  and  then  levels  off  asymptotically,  tending  towards  limiting  values.  These  curves  resemble  the 
learning-curves  for  a  man  when  learning  to  execute  a  given  task.  In  their  general  form,  these  curves  regulate  all  human 
progress  and  inflexibly  remind  us  of  the  difficulties  we  must  overcome  to  establish  new  working  principles  and  the 
difficulties  by  no  means  neglibiblc,  even  if  the  new  concept  is  of  great  value,  we  have  in  putting  to  one  side  well  estab¬ 
lished  techniques  and  breaking  with  old  habits.  The  psychological  aspects  hidden  behind  these  curves  are  far-reaching 
and  we  feel  them  each  time  a  new  problem  is  put  to  us.  We  are  ever  divided  between  the  desire  to  do  better  and  the 
necessity  to  make  a  halt,  a  period  of  rest  and  exploit  what  has  been  achieved.  As  much  as  VTOL  needs  are  great,  we 
feel  that  the  present  helicopters,  with  their  gas  turbines,  mechanical  transmissions,  mechanically  controlled  blade  pitch 
and  multi-blade  rotors,  hinder  progress  considerably.  The  weight-to-price  ratio  compared  with  that  of  fixed-wing 
aircraft  is  still  very  high  and  it  is  here  that  exists  the  brake  to  all  technic  '  progress  concerning  rotors.  Reducing 
this  ratio  is  both  the  target  and  criterion  of  present  and  future  VTOL  development  (Fig.3). 

The  reasons  which  lead  us  to  believe  that  the  use  of  a  system  comprising  a  jet-engine  as  a  source  of  compressed 
gases,  a  pneumatic  power  transmission  and  a  two-blade  rotor  controlled  by  jet  flaps,  is  likely  to  revolu'.ionize  rotary 
wing  techniques,  are  many.  They  are  discussed  further,  but  let  it  be  said  straight  away  that  an  overeil  advantage 
appears  when  analyzing  this  technique:  the  empty  weight  and  consequently  the  acquisition  cost  of  jet-flap  rotor- 
craft  are  notably  less  than  these  employing  mechanical  systems.  Let  us  quote  a  few  figures.  If  we  look  at  the 
weight-to-thrust  ratio  of  the  lifting  power  plant,  comprising  the  power  source,  power  transmission  and  the  rotor,  it 
is  seen  that  it  is  of  the  order  of  7  in  our  case,  a  very  high  value  of  jet  engines.  This  ratio  is  much  lower  for 
mechanical  systems,  where  it  is  between  4  and  5.  It  should  be  noted  that  the  lift  power  plant,  which  differentiates 
mechanical  systems  from  jet-flap  systems,  represents  a  major  part  of  equipment  cost.  Comparisons  made  with 
mechanical  systems  give  a  first  indication  that  for  a  variety  of  missions  the  price  ratio  between  mechanical  and  jet- 
flap  systems  is  of  the  order  of  2.  The  high  value  of  this  ratio  shows  the  considerable  opportunity  for  reducing 
equipment  cost.  This  result  is,  from  another  point  of  view,  not  surprising  when  it  is  recalled  that  for  a  given  power 
output,  a  simple  jet  engine  costs  half  as  much  as  a  turboprop  engine. 

Overall  advantages  of  light  weight,  simplicity  and  low  cost  produce  a  large  number  of  basic  advantages  charac¬ 
terizing  jet-flap  craft  (Fig.4).  The  jet-flap  rotor  is  fixed  pitch,  which  is  a  structural  advantage  dominating  this  type 
of  rotor  and  is  unique  amongst  rotary  wings  in  general. 

Together  with  the  possibility  due  to  blowing  of  using  two-blade  rotors  for  obtaining  high  forward  velocity, 
this  rotor  avoids  the  present  hub  and  blade-root  complications.  The  difference  with  conventional  systems  recalls 
that  between  fixed  and  variable  pitch  propellers.  From  the  aerodynamic  point  of  view,  the  jet-flap  possesses  the 
property  of  being  able  to  vary  lift  very  rapidly  up  to  high  harmonic  frequencies  (Fig.5).  Trailing  edge  blowing, 
which  we  use,  has  been  the  subject  of  many  studies  in  France  (Ref.3)  and  the  United  States  (References  4  and  5) 
and  is  now  well  known,  In  forward  flight,  the  aximuthal  variation  in  jet-flap  deflection  is  obtained  by  a  multi- 
cyclic  control  system.  This  ability  to  vary  lift  forces  according  to  a  desired  law  enables  the  level  of  vibration  trans¬ 
mitted  to  the  fuselage  and  blade  stresses  to  be  considerably  reduced.  It  is  simply  because  of  this  ability  that  two- 
bladed  helicopters  can  be  envisaged  for  forward  speeds  of  250  knots.  The  possibilities  of  stress  and  vibration 
reduction  using  multicyclic  control  have  been  demonstrated  experimentally  this  year,  and  to  our  knowledge,  for 
the  first  time,  by  the  DH  201 1  rotor,  and  a  large  volume  of  analysis  work  is  presently  under  way.  These  latest 
results  will  be  published  by  NASA  in  the  near  future. 

Moreover,  rapid  lift  variation  may  be  usefully  employed  in  the  case  of  transient  coi  ditions  such,  for  example, 
as  during  the  stopping  of  a  rotor,  when  the  feedback  channels  enable  forces  operating  on  the  blades  to  be  measured 
precisely  and  continuously. 

In  addition  to  its  structural  simplicity,  the  fixed-pitch,  jet-fl3p  rotor  has  other  advantages:  it  eliminates  the 
danger  of  aeroelastic  vibration  and  enables  rotors  of  low  solidity  to  be  used.  In  most  cases,  the  average  lift  coeffi¬ 
cient  is  close  to  1,  thereby  enabling  blade  surface  to  be  decreased  by  at  least  half  compared  with  unblown  rotors. 
Furthermore,  the  fact  that  the  jet  exhausting  from  the  trailing  edge  induces  a  region  of  very  low  pressure,  similar 
to  that  at  the  leading  edge,  displaces  the  aerodynamic  center  from  the  quaiter-chord  point  towards  the  middle  of 
the  chord,  enabling  the  blade  to  be  balanced  much  nearer  the  trailing  edge,  whence  considerable  saving  in  blade 
weight.  It  should  be  noted  that  fhe  Dll  201 1  rotor  blade  has  its  center  of  gravity  at  the  35%  point  of  the  mean 
chord  and  has  never  shown  any  signs  of  aeroelastic  instability. 
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It  is  further  obvious  that  jet-flap  rotorcraft  do  not  need  a  tail  rotor.  Since  the  rotor  is  free  in  rotation,  its 
rpm  may  be  optimized  for  each  flight  configuration.  Aircraft  of  this  type  can  easily  perform  jump  take-offs  in 
cases  of  overload  or  high  ground  altitude. 

From  the  point  of  view  of  performance,  the  jet-flap  rotor,  compared  with  unblown  rotors,  enables  helicopters 
to  reach  high  vertical  acceleration  at  high  forward  speeds.  This  advantage  comes  from  the  fact  that  the  high-lift 
capability  increases  as  the  power  supplied  to  the  rotor  increases.  Let  us  take  the  example  of  a  4-ton  tactical 
support  helicopter,  designed  to  fly  at  250  knot'  (Fig.6).  This  helicopter  is  capable  of  executing  a  60°  -  bank  turn 
at  200  knots,  producing  an  acceleration  of  2g.  Figure  7  shows  the  general  tendancy  of  load  factor  variation  in  for¬ 
ward  flight.  The  shape  of  this  curve  is  similar  to  that  for  power  in  forward  flight.  This  characteristic  differentiates 
the  jet-flap  rotor  from  conventional  rotors,  whose  performance  falls  off  with  forward  speed. 

The  ability  of  modu'ating  blade  lift  whilst  moving  round  the  rotor  plane,  associated  with  its  high-lift  charac¬ 
teristics,  enables  rotor  speed  limits  to  be  pushed  back  and  to  envisage  helicopters  flying  at  250  knots.  This  charac¬ 
teristic  is  of  additional  advantage  in  carrying  heavy  loads,  whatever  their  weight.  e  can  quote  here  the  example 
of  an  application  which  shows  a  difference  of  2  to  1  in  cost  effectiveness  between  conventional  means  and  a  jet-flap 
rotor  configuration  (Ref.6).  It  concerns  an  automatic  radar  observation  platform,  which  carries  a  1700  kg  load  at 
an  altitude  of  7000  meters  for  5  hours  in  the  hover  (Fig, 8)  From  the  aspect  of  layout,  the  generator  is  placed 
vertically  in  the  axis  of  symmetry  of  the  vehicle.  The  payload  is  distributed  around  the  engine  in  the  spherical 
nacelle.  A  spherical  shape  was  chosen  to  reduce  aerodynamic  forces  and  perturbations  due  to  rotation. 

The  project  leads  to  a  vehicle  total  all-up  weight  of  5400  kg  and  an  empty  weight  of  1 530  kg,  only  28.4%  of 
the  all-up  weight  (Fig.9).  The  ratio  between  the  maximum  lift  at  ground  level  and  the  combined  weight  of  the 
rotor,  power  transmission  and  power  plant  is  7.3.  This  ratio,  as  already  emphasized,  is  remarkably  high  for  a  heli¬ 
copter  rotor.  The  rotor  is  two-bladed,  with  a  loading  of  24  kg/sq.  m.  The  platform  is  powered  by  a  bypass  engine, 
the  SNECMA/TURBOMECA  M  49  “Larzac”,  operating  as  a  gas  generator  with  a  maximum  pressure  ratio  of  just 
under  1.9. 

The  cost-effectiveness  analysis  of  this  project  shows  that  a  platform  with  mechanical  transmission  would  have 
cost  90  to  1 00%  more  than  the  jet-flap  rotor  platform.  This  cost  saving  aspect  is  not  limited  to  this  particular 
case.  General  application  studies  (Ref.7)  show  that  light  weight  is  the  predominant  characteristic  of  helicopters, 
and  especially  of  crane-helicopters,  fitted  with  jet-flap  rotors  (Fig  10). 

The  crane-helicopter  has  been  the  subject  of  many  studies  in  Europe  and  the  l.  ;.ted  States  and  abundant 
literature  exists.  Without  quoting  a  case  of  application,  it  is  desirable  to  dissipate  a  number  of  misunderstandings 
and  a  certain  mistrust  surrounding  tip  driven  rotors  in  general  and  jet-flap  rotors  in  particular.  This  mistrust  con¬ 
cerns  power  transmission  and  the  resulting  fuel  consumption.  In  order  to  do  the  job  properly,  one  should  judge 
aircratt  in  a  comparative  manner  for  well  defined  missions,  which  until  now  has  never  been  done  with  sufficient 
objectivity  as  long  as  the  starting  hypotheses  upset  the  results  and  final  conclusions  (see  Reference  8  for  the  diffi¬ 
culties  encountered  in  making  comparison  studies).  Here,  we  shall  limit  the  discussion  to  the  power  losses  between 
the  isentropic  power  at  the  gas  generator  outlet  and  the  equivalent  mechanical  power  obtained  at  the  rotor.  This 
loss  is  essentially  due  to  the  total  pressure  loss  (neglecting  the  loss  due  to  ejection  of  kinetic  energy,  the  aspects  of 
which  are  generally  well  understood)  and  may  be  defined  by  a  single  parameter,  KT  ,  equal  to  the  difference  bet¬ 
ween  the  total  pressures  at  the  gas  generator  and  ejection  nozzle,  measured  on  a  stationary  rotor  divided  by  the 
dynamic  pressure  in  the  blade.  Coefficient  KT  has  the  advantage  of  depending  essentially  on  duct  geometry, 
such  as,  for  example,  the  coefficient  of  aerodynamic  friction  drag.  Experience  has  shown  that  considerable  effort 
must  be  made  to  reduce  this  as  far  as  possible  by  exhaustive  test  programs.  The  importance  of  internal  aerodyna¬ 
mics  is  similar  to  that  for  all  jet  engines.  Naturally,  in  a  case  of  real  application,  the  internal  losses  would  to  some 
extent  exceed  those  given  by  coefficient  KT  ,  there  being  added  principally  the  losses  due  to  cooling  and  the  per¬ 
turbations  created  by  the  rotor.  However,  coefficient  KT  is  very  useful  when  analyzing  losses  and  constitutes  a 
quality  criterion  for  all  tip  driven  rotors.  Appreciation  of  the  sensitivity  of  the  transmission  system  to  pressure 
ratio  variation  js  much  easier  with  this  coefficient.  There  is  indeed  close  correlation  between  KT  and  the  power 
available  for  lifting  the  craft.  In  Figure  1 1,  it  is  seen  that  for  constant  isentropic  power  produced  by  the  gas 
generator,  in  this  case  by  a  fan  engine,  the  power  available  to  be  absorbed  by  the  induced  velocity,  therefore 
power  proportional  to  lift  for  a  given  rotor  diameter,  has  a  marked  maximum  for  a  given  KT  .  A  difference  in 
pressure  ratio,  even  very  small,  severely  affects  power  transmission  eiiiciency.  We  see  here  the  first  problem  of 
correctly  matching  a  jet  driven  rotor.  The  second  difficulty  in  obtaining  high  performance  is  due  to  the  sensitivity 
of  the  internal  geometry  to  the  local  value  of  coefficient  KTe  (Figure  12,  Reference  9).  This  figure  shows  to  what 
extent  the  local  coefficient  due  to  a  duct  bend  can  change  the  value  of  the  losses  and  consequently  rotor  matching. 

Our  experience  with  cascade  in  the  outboard  part  of  the  blade  (Fig.  13)  shows  that  a  coefficient  KTe  =  12% 
of  the  dynamic  pressure  can  be  obtained  in  this  case,  with  very  carefully  defined  cascade  shapes  derived  from  a 
series  of  tests  requiring  considerable  time.  In  general,  90°  bends  with  a  total  pressure  loss  of  1 2  to  1 5%  can  be 
made,  but  the  configuration  of  the  whole  of  the  circuit  comprising  several  internal  bends  requires  detailed  experi¬ 
mentation.  The  third  difficulty  arises  from  the  generator  itself,  whose  pressure  ratio  and  gas  temperature  must  be 
chosen  with  precision  to  obtain  the  required  performance.  There  is  no  doubt  that  these  three  difficulties  closely 
condition  jet  driven  rotor  performance.  If,  however,  sufficient  research  and  development  effort  is  deployed,  real 
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power  transmission  efficiencies  can  attain  the  theoretical  values  mentioned  above.  Thus  overall  transmission  coeffi¬ 
cients  of  71%  in  the  case  of  the  radar  platform  and  62%  in  the  case  of  a  stoppable-rotor  helicopter,  dealt  below, 
can  be  obtained.  It  should  further  be  emphasized  that  writers  not  in  favor  of  tip  driven  rotors  often  speak  of 
pressure  loss  “compensation”  by  the  centrifugal  effect  of  the  rotor.  This  hypothesis,  which  has  no  physical  grounds, 
would,  if  true,  fundamentally  destroy  any  project,  since  it  is  equivalent  to  limiting  the  transmission  efficiency  to 
50%. 

The  VTOL  stoppable-rotor  aircraft  is  the  third  example  illustrating  the  field  of  application  of  jet-flap  rotors 
(Fig.  14).  The  project  presented  here  is  a  particular  case  of  projects  effected  under  contract  for  the  Centre  de 
Prospective  et  devaluation  (CPE),  corresponding  to  a  VTOL  craft  with  a  stoppable  and  stowable  rotor  (Ref.  10). 

This  example  is  characteristic  of  most  craft  of  this  type.  In  this  case,  the  rotor  is  used  for  short  periods  during 
flight  for  take-off,  approach  and  landing.  Maximum  speed  at  ground  level  is  Mach  0.85  without  reheat.  For  a 
tactical  mission,  the  aircraft  has  an  operational  range  of  1  000  km  with  full  internal  tanks  and  in  a  ferry  configura¬ 
tion,  can  cover  a  distance  of  4500  km.  In  its  role,  the  rotor  is  very  different  from  that  of  a  helicopter.  Although 
lift  in  the  hover  state  and  at  low  forward  speeds  is  provided  by  the  rotor,  the  aircraft  is  controlled  in  pitch  and  yaw 
by  means  of  compressed  air  jets  through  swivelling  nozzles.  Control  in  roll,  however,  can  be  effected  by  the  rotor. 

The  rotor  is  placed  very  close  to  the  fuselage  and  is  servo-controlled  so  as  to  remain  in  a  fixed  plane.  Flapping  ; 

angle,  for  gusts  of  up  to  ±  10  m/s,  does  not  exceed  ±  1°  during  the  rotor  stopping  phase,  which  occurs  at  70  m/s.  ] 

This  stopping  phase  is  very  short,  taking  7  seconds.  The  rotor  is  stopped  by  reversing  the  jet  ejected  at  the  end  of 
the  blade.  In  this  particular  case,  the  jet  flaps  occupy  50%  of  the  blade  radius  and  use  30%  of  the  flow  transmitted  j 

to  the  rotor.  | 

j 

The  power  source  is  the  same  for  the  aircraft  and  the  rotor,  the  gas  flow  being  directed  either  to  the  rotor  or  t 

to  the  rear  nozzle  for  aircraft  propulsion  by  means  of  a  diverter  valve.  In  the  project  presented,  the  aircraft  is  j 

essentially  subsonic,  but  supersonic  projects  are  being  studied.  In  general,  the  stowable  rotor  technique  seems  parti-  j 

cularly  well  adapted  for  configurations  requiring  an  engine  thrust  to  total  weight  ratio  of  0.3  to  0.7.  It  should  be  < 

noted  that  the  noise  level  of  jet-flap  rotor  aircraft  is  reduced  by  slotted  nozzles  and  that  the  induced  velocity  of  { 

20  to  25  m/s,  corresponding  to  a  rotor  loading  of  100  to  150  kg/sq.m,  allows  all-terrain  operation  without  danger  J 

of  erosion.  1 

i 

From  the  point  of  view  of  its  configuration,  the  aircraft  is  designed  for  tactical  support,  with  an  added  lift 
rotor.  It  is  to  be  noted  that  the  rotor  part  corresponds  to  a  comparatively  small  fraction  of  aircraft  volume  and  j 

weight.  Thus  the  elements  corresponding  to  rotor  lift  occupy  10%  of  the  aircraft  volume  and  constitute  9%  of  the 
total  weight.  In  the  version  studied,  the  all-up  weight  is  12000  kg,  divided  as  follows:  I 


A 

Airframe 

4155  kg 

B 

Power  plant 

790  kg 

l  c 

All-mission  installation 

1730  kg 

D 

Particular  mission  installation 

none 

E 

Crew 

85  kg 

F 

Fuel 

2280  kg 

G 

Variable  loads 

1860  kg 

H 

Rotor 

1100  kg 

Total  weight  12000  kg 


It  should  be  noted  that  the  lift  system,  comprising  the  power  plant  B  and  rotor  H  ,  has  a  thrust-to-weight 
ratio  of  6.35,  a  ratio  rarely  attained  by  jet  engines.  According  to  the  weight  break-down,  the  empty  weight  of  the 
aircraft  is  6775  kg  and  the  payload  5225  kg,  giving  a  payload-to-total  weight  ratio  of  43.5%. 

The  three  examples  quoted  show  that  the  field  of  application  of  jet-flap  roi  ors  is  very  wide,  covering  the  whole 
of  the  helicopter  domain.  The  cases  mentioned  correspond  to  those  where  the  use  of  a  jet-flap  rotor  is  most 
appropriate  from  the  point  of  view  of  its  cost-effectiveness  advantage  over  existing  projects  or  projects  being  studied. 

By  combining  lift,  propulsion  and  lift  control  in  a  fixed-pitch  two  bladed  rotor,  the  jet-flap  rotor,  associated 
with  a  jet  engine  as  power  source,  constitutes  a  particularly  light  weight,  simple  and  low-cost  assembly,  which 
enables  helicopters  to  fly  at  higher  forward  speeds  and  to  lift  heavier  loads,  thereby  exceeding  the  present  speed 
and  weight  limits.  Its  light  weight  and  smaller  volume,  together  with  the  flexibility  of  aerodynamic  force  control 
by  means  of  jet-flaps,  enables  it  to  be  stopped  in  flight  and  stowed.  Thus  in  the  extreme  case,  its  characteristics 
associated  with  those  of  fixed-wing  aircraft  can  produce  a  new  generation  of  stoppable  and  stowable  rotor  VTOL 
aircraft,  where  the  helicopter  and  fixed-wing  aircraft  coexist  efficiently  in  the  same  vehicle. 


1&3. 
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Efficacihe  /  Performance 


Fig.!  DH  201 1  rotor  in  the  NASA’s  Ames  40  x  80  wind  tunnel 
Rotor  DH  201 1  dans  la  soufflerie  40  x  80  d’Ames,  NASA 
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Fig.2  General  trends  of  technical  progress 

Allure  generate  du  progrts  technologique 
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Fig.3  Cost  comparison 

Comparison  de  prix 


•  ROTOR  A  PAS  FIXE 

•  ROTOR  BIPALE  DE  GRANDE  VITESSE 

•  REDUCTION  DES  CONTRAINTE3  ALTERNeES 

ET  DES  VIBRATIONS  fttR  COMMANDS  MULTICYCLIQUE. 


•  Elimination  des  problEmes  aEroElastiques. 

PAR  RIGIDITE  £LEV£E  EN  TORSION, 
e  FAIBLE  PLENITUDE. 

•  EQUILIBRAGE  AlsE  DE  LA  PALE  . 

•  FAIBLES  CHARGES  DANS  LES  COMM  ANDES. 

•  REGIME  ROTOR  VARIABLE. 

•  PAS  D*  ANTICOUPLE 


•  FIXED  PITCH  ROTOR . 

•  TWQBLADED  HIGH  SPEED  ROTOR. 

•  ALLEVIATION  OF  FATIGUE  AND  VIBRATION 
PROBLEMS  BY  MULTI-CYCLIC  CONTROL. 

•  STOPPED  ROTOR  CAPABILITY  BY  CONTINUOUS 
CONTROL  OF  FORCES  ON  THE  BLADE. 

•  ELIMINATION  OF  AEROELASTIC  PROBLEMS 
BY  HIGH  RIGIDITY  IN  TORSION. 

•  LOW  CHORD  BLADE 

•  ALLEVIATION  OF  WEIGHT  BALANCE 
PROBLEMS  OF  THE  BLADE. 

•  LOW  CONTROL  FORCES  . 

•  VARIABLE  R.P.  M. 

•  NO  ANTITORQUE  DEVICE. 


•  APPLICATIONS  AU  ROTOR  STOPPABLE  GRACE  AU 
CONTROLE  RAPIDE  DES  FORCES  AliRODYNAMIQUES. 


Fig.4  Advantages  of  jet-flap  rotor 

Avantages  d’un  rotor  a  vciets  fluides 


Fig.8  Radar  surveillance  platform 

Plate-forme  de  surveillance  radar 


Poids  a  vide  -  E  mpty  weight 
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CHARGE  UTILE 

PAYLOAD 

1700  kg 

MASSE  TOTALE 

GROSS  WEIGHT 

5400  kg 

MASSE  A  VIDE 

EMPTY  WEIGHT 

1530  kg 

NOMBRE  DE  PALES 

N*  OF  BLADES 

2 

DIAMETRE  DU  ROTOR 

ROTOR  DIAMETER 

17  m 

CORDE 

CHORD 

0.9 

PLENITUDE 

SOLIDITY 

6.75% 

PROPULSEUR 

ENGINE  SNECMA /TURBOMECA  :  M 

ALTITUDE  DE  FONCTIONNEMENT 

ALTITUDE 

5000  m 

DUREE  DE  LA  MISSION 

MISSION  TIME 

5  h 

Fig.9  Radar  surveillance  platform 

Plate-forme  de  surveillance  radar 


rapport  de  poids 
weightrafio 


helicopt4re 

helicopter 

1.47 

plate -forme 
platform 

1.64 

entrain1',  mec. 
mechanical 
?  drive 


soufflage 
jet  flap 


Opiate- Forme  radar 
radar  plateform 


Charge  uHle  .  Payload 


Fig.  10  Comparison  between  shaft  driven  and  jet-flap  helicopters 

Comparison  entre  les  hSlicoptSres  micaniques  et  a  volets  fluides 


Fig.  14  Stowable  rotor  attack  aircraft 

Avion  d’appui  tactique  a  rnior  escamotabie 
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RESEARCH  AND  DEVELOPMENT  ON  ROTORS  WITH  TIP  REACTION  DRIVE  IN  GERMANY 


by 

Christoph  F’scher,  Dipl.-Ing. 
Project  Manager  Rotary  Wing 
Dornier  AG 
799  Friedrichshafen 
GERMANY 


SUMMARY 

This  paper  reports  upon  the  German  activities  on  cold,  hot  and  mixed  cycle  tip  jet  propulsion 
for  rotors.  Research  and  programs  at  Messerschmidt-BBlkow-Blohm  on  cold  and  large  mixed  cycle 
systems  are  described  very  briefly  in  order  not  to  repeat  what  has  already  been  said  in  former 
publications  (see  references).  At  Dornier  studies  and  project  work  were  directed  to  realization 
of  a  new  rotor  technology  ducting  hot  gases  of  700°  centigrade  through  the  rotor  head  to  the  blade 
tips  with  optimum  efficiency.  At  VFW-Fokker  the  H3  conducts  preliminary  flight  tests.  This  com¬ 
pound  project  shows  a  configuration,  where  the  engine  produces  compressed  air  to  drive  the  rotor 
in  hovering  and  low  3peed  flight.  In  cruise  mechanically  driven  shrouded  propellers  provide  the 
necessary  thrust  while  the  rotor  autorotates. 

For  both  projects  some  results  of  component  testing  resoectively  flight  tests  are  discussed. 
Aspects  of  the  flight  mechanics  as  decoupling  of  movements  in  hovering  and  advantages  of  wide 
rpm-range  are  shown. 

Concluding  remarks  on  the  operational  applicability  and  new  missions  favoring  torquefree 
rotor  drive  systems  are  added. 


1.  introduction 

Out  of  the  total  of  today's  flying  helicopters  more  than  90£  are  of  the  single  main  rotor/ 
tail  rotor  configuration. 

One  should  appreciate  the  usefulness  of  the  advanced  types  in  operation  and  the  ingenuity  of 
mechanical  and  electronic  engineering  to  their  continous  improvement.  However,  the  small  helicopter 
in  particular  is  still  extremely  expensive  compared  to  fixed  wing  aircraft  of  corresponding  size. 

The  large  number  of  rotating  parts  cause  high  development  cost  and  maintenance  effort.  The  direct 
operating  cost  of  a  four  seat  helicopter  amounts  to  approximately  three  times  that  of  a  four  seat 
fixed  wing  aircraft.  The  rotor  suffers  from  inherent  instability  in  hovering  flight  and  coupling 
of  movements  around  all  axes  with  the  vertical  in  hover.  Customers  and  engineers  agree  upon  the 
desireability  of  improving  vibration  levels,  noise  levels  and  reliability  of  the  complex  machinery 
and  many  other  features  of  present  day  helicopters. 

As  old  as  the  helicopter  is  also  the  idea  of  reducing  thus**  problems  by  avoiding  the  need 
for  anti-torque  devices  or  at  least  their  use  to  produce  lift,  thus  providing  a  better  ratio  of 
useful  load  to  gross  weight,  that  is  more  economic  use  of  the  power  installed.  Mechanically  compli¬ 
cated  designs  such  as  tandem  twin  rotor,  intermeshing  or  cooxial  types  are  stiil  flying  and  proving 
themselves.  However,  the  blade  tip  propelled  rotor  had  only  temporary  success  through  the  production 
of  almost  200  Sud-Aviation  Djinn  ti.-o-seaters  15  years  ago.  Many  other  projects  hove  been  prototype 
tested  and  interrupted  or  abandoned. 

In  our  opinion  the  main  deficiency  causing  tip  reaction  projects  to  disappear  was  lack  of 
available  technology.  This,  fox  example,  refers  to  the  nonavailability  of  proper  engines,  suitable 
bonding  materials  and  procedures,  lack  of  experience  in  handling  high  temperature  gases  and  ducting 
them  through  the  rotor  head  to  the  blade  tips. 

2.  BASIC  REMARKS 

One  of  the  most  discussed  inherent  handicaps  of  the  blade  tip  propelled  rotor  is  the  poor 
propulsion  efficiency.  This  is  true  also  for  the  cold,  mixed  or  hot  cycle  systems  where  .he  work.ng 
gas  is  produced  b>  an  engine  inside  the  fuselage  and  expanded  ot  the  blade  tire  thus  using  the 
rotor  as  the  power  turbine.  Of  tip  jet  drives  these  configurations  seem  to  be  the  simplest  ones 
and  closest  to  become  operationally  realized.  These  systems  are  the  subject  of  the  following 
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We  distinguish  between  the  so  called  cold,  mixed  or  hot  cycle  pneumatic  rotor  drive  systems. 

For  the  cold  cycle  cn  engine  driven  compressor  delivers  pressurized  air  up  to  about  200°  centigrade. 
In  a  mixed  cycle  low  pressure  cool  air  from  the  fan  will  be  mixed  with  the  hot  exhaust  gases  from 
the  turbine  not  yet  fully  expanded,  temperatures  ranging  from  200°  to  450°  centigrade.  Hot  cycle 
drives  use  up  to  750°  hot  gases  coming  directly  from  the  pure  gas  generator  part  of  the  engine. 

Looking  at  the  properties  of  such  propulsion  systems  compared  to  the  conventional  geared 
drive  it  can  be  said: 

-  Poor  propulsion  efficiency,  high  power  instolled  required. 

-  Heavy  weight  rotorblades  and  rotor  hub;  large,  thick  blades  need  servo  control. 

-  High  rate  of  descent  in  autorotative  flight  and  forward  speed  restricted  due 
to  aerodynamic  drag  of  rotor  and  rotor  head. 

-  Yaw  control  problems. 

-  High  noise  level  of  tip  jets. 

However : 

-  Nc  gear  boxes,  shafting,  clutches  or  anti-torque  rotor  required;  minimum 
lubrication  and  oil  cooling  systems. 

-  Extremely  wide  rpm-range,  favorable  for  storing  kinetic  energy  and  better  adjustment 
to  forward  velocity,  atmospheric  and  altitude  conditions. 

-  Inherent  antiicing  of  the  rotor. 

-  Good  hovering  stability  with  complete  decoupling  of  yaw  and  vertical  control  from 
pitch  and  roll  motions. 

-  Good  handling  qualities  in  general. 

-  High  ratio  of  useful  load  to  gross  weight. 

-  Reduced  maintenance;  minimum  of  rotating  parts  result  in  higher  availability  and 
reduced  cost. 

Of  course  this  fragmentary  list  does  not  cover  all  the  numerous  ospects.  It  is  necessary  to 
carefully  investigate  how  far  disadvantages  could  be  minimized,  or  suppressed,  advantages  optimized 
and  contradictions  eliminated.  During  the  past  decade  several  steps  in  this  direction  have  been 
made  in  Germany  by  MBB  (Messerschmidt-Bdlkow-Blohm),  VFW-Fokker  and  Dornier  AG  trying  to  use  the 
benefits  of  modern  technology  and  advanced  turbine  engines  for  tip  reaction  rotors. 


3.  PROGRAMS 


All  three  Companies  started  off  with  cold  cycle  jet  rotors.  MBB  tested  a  4-m-diameter  twobladed 
rotor,  then  went  to  mixed  cycle  systems  for  very  large  units.  Fig.  1  shows  a  31-m-diameter  rotor 
producing  35  metric  tons  of  thrust,  driven  by  a  General  Electric  GE  CJ  805-23  which  was  an  aft  fan 
version  of  the  CJ  805.  This  engine  produced  160  to  180  m3  of  gas  per  second  at  a  pressure  ratio 
of  1,6  to  1,7  and  a  temperature  of  approximately  220°  centigrade.  Since  no  military  requirements 
existed  for  such  big  cranes  no  funds  were  available  for  a  follow-on  program.  There  is  sufficient 
literature  available  on  these  research  projects. 


Dornier  in  the  early  sixties  developped  a  single  seat  helicopter  based  upon  the  cold  cycle 
system.  Compressed  air  of  125°  centigrade  was  produced  by  a  turbine  driven  compressor  equipped 
with  a  controllable  variable  inlet  vane.  A  number  of  fundamental  studies  directed  at  im, rovement 
of  propulsion  efficiency  and  technological  possibilities  led  to  an  order  to  build  three  experimental 
Do  132  helicopters  2  l/2  years  ago.  This  is  a  hot  cycle  five  seat  test  vehicle  which,  dependent 
upon  the  results  of  the  test  program,  would  have  allowed  to  derive  a  production  version.  A  mock 
up  is  shown  in  fig.  2.  First  flight  of  the  aircraft  was  planned  for  the  spring  of  next  year. 

However,  the  present  financial  squeeze  interrupted  the  program  at  the  beginning  of  this  yeor. 

Do  132  data  ore  given  in  Table  1. 

Dornier  concentrated  on  substantiation  of  a  new  technolog)  to  duct  700°  centigrade  hot  gases 
through  the  rotor  head  to  blade  tips  where  they  are  expanded  through  cascade  nozzles.  To  back  up 
theoretical  predictions  a  test  stand  rotoi  has  been  built  very  early  in  the  program.  The  two  year 
test  program  is  almost  finished.  It's  results  show  that  the  problems  related  to  ducting  hot  goses 
have  been  mastered  and  tha+  a  significantly  higher  thrust  is  developped  for  a  given  blade  angle 
and  power  thon  anticipated.  This  will  be  discussed  later.  Completed  ^'sign  work  anu  analysis  of 
parts  show  higher  weight  of  the  dynamic  system  thon  projected,  but  v  rience  and  redesign  will 
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bring  them  back  to  target  weights. 
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There  is  a  developping  market  for  unmanned  tethered  rotary  wing  drones  where  a  derivative  of 
the  cold  cycle  Do  32  fits  the  requirements.  Since  the  fuel  can  be  fed  to  the  drone  via  the  cable 
from  a  ground  station,  the  low  propulsion  efficiency  of  the  system  is  no  longer  critical.  This 
system  brings  the  advantages  of  good  stability  in  hover  and  particularly  those  of  a  torquefree 
rotordrive  system.  As  a  first  step  at  Dornier  a  prototype  Do  32  has  been  modified  and  equipped 
with  remote  control.  The  finalized  system,  the  Dornier  "Kiebitz"  is  illustrated  in  fig.  3.  This 
project  is  now  entering  the  development  ohase  for  an  operational  unit  based  upon  military  require¬ 
ments  with  first  deliveries  planned  for  1974/1975. 

VFW-Fokker  decided  to  investigate  advanced  configurations  to  avoid  development  of  new 
technologies.  Appreciating  the  undoubted  trend  towards  higher  speeds  the  system  analysis  resulted 
in  a  compound  configuration  based  upon  well  known  components.  I’’  incorporates  a  cold  cycle  rotor 
for  hovering  and  low  speed  flight  and  a  high  efficiency  mechanical  power  transmission  to  separate 
forward  thrust  producers  for  cruise  and  high  speed  flight,  while  the  rotor  autorotates.  Basic 
philosophy  is:  A  typical  small  helicopter  needs  about  .2  hp  per  kg  weight  for  hovering.  This  power 
permits  a  forward  speed  in  the  order  of  130  kn.  To  raise  the  speed  to  180  kn  requires  compounding 
and  power  installed  of  at  least  .4  hp/kg,  see  fig.  4.  With  such  power  installed  a  cold  cycle  drive 
can  easily  match  today's  standard  of  helicopter  hovering  performance.  The  benefits,  simplicity, 
rpm-variability  over  a  wide  range  and  favorable  handling  qualities,  can  thus  effectively  be  used. 
The  high  fuel  consumption  is  unsignificant,  because,  according  to  statistics,  only  5$  of  the  total 
flight  time  of  helicopters  are  flown  in  this  regime.  The  main  problem,  hence,  was  to  design  a 
proper  blade  for  high  forward  speed,  autorotation  and  at  th9  same  time  for  tip  jet  propelled  low 
speed  flight. 

A  laminated  15$  thick  blade  was  built  with  duct  area  to  airfoil  section  area  ratio  of  .7. 
Initial  whirl  test  stand  trials  were  performed  with  a  6-m-diameter  rotor  and  the  same  rotor  was 
then  tested  on  a  single  seat  test  bed  H2.  Positive  results  encouraged  VFW-Fokker  to  plan  their 
H-series  compound  family.  First  step  was  to  realize  the  H3,  fig.  5,  a  small,  comparatively  slow 
compound.  Its  basic  data  are  listed  in  Table  1.  A  three  bladed  fully  articulated  rotor  is  used 
for  producing  lift,  two  shrouded  propellers  aside  the  fuselage  center  section  provide  forward 
thrust. 

First  flight  wos  made  in  summer  1970,  three  years  after  commencing  the  program.  At  this  time 
the  selected  engine  was  not  yet  available.  Thus  it  flew  with  less  than  70$  design  power.  Maximum 
weight  lifted  vertically  in  a  dynamic  take-off  was  800  kg.  Correlation  of  rotor  thrust  predicted 
and  measured  was  adequate  with  flight  handling  qualities  as  good  as  flown  by  the  same  pilot  on  the 
Sikorsky  research  flight  simulator.  The  project  also  ended  up  with  a  higher  empty  weight  than 
anticipated  due  to  the  aerodynamicolly  refined  airframe  and  the  diverter  gearbox  between  engine, 
compressor  and  fans.  At  the  present  the  originally  intended  Allison  400  hp  250-&0  is  installed. 

It  is  now  hoped  to  soon  complete  the  first  test  phase  in  a  pure  helicopter  configuration  with  fans 
removed,  fig.  6.  Planned  as  production  model  is  the  H4,  a  five  seat  helicopter.  Studies  have  also 
been  made  for  a  twin  engine  five  seat  compound,  tne  H5,  a  mock  up  of  which  is  shown  in  fig.  7. 
These  projects  suffer  from  the  same  financial  problems  as  the  Do  132  project. 


4.  SOME  DETAIL  RESULTS 

Studies  and  experience  at  the  three  Companies  have  shown  that  optimisation  of  the  numerous 
parameters  influencing  the  overall  propulsion  efficiency  of  tip  reaction  drives  lead  to  a  best 
pressure  ratio  of  2,2  to  2,7,  fig.  8.  One  of  the  main  variables  effecting  this  efficiency  is  blade 
chord  and  ratio  of  duct  area  to  airfoil  section  area  by  a  specific  design. 

A  real  surprise  was  the  substantially  higher  thrust  measured  on  the  Do  132  rotor  as  compared 
to  the  prediction.  After  repeated  recalibrotion  of  the  test  rig  equipment  the  values  were  confirmed. 
Correction  for  ground  effect  and  recirculation  influence  were  again  comprehensively  investigated 
with  refined  theories  anu  accompanying  measurements  in  the  surroundings  of  the  rotor.  This  also  could 
not  explain  the  difference.  A  separate  test  program  of  this  phenomenon  wos  supported  by  the  Federal 
Ministry  of  Defense.  This  program  is  not  yet  completed  but  some  results  can  already  be  discussed. 

Fig.  9  shows  the  thrust  coefficient  Cj  versus  rotor  angular  velocity  omego,oo,  see  dashed 
lines,  as  computed  by  the  usual  means.  The  measured  proportionality  of  Cf-increase  and  rotational 
speed  matches  the  increasing  nozzle  efflux  speed  and  flow.  This  favores  the  theory  of  some  kind 
of  tip  vortex  and  therefore  circulation  control  around  the  blade.  It  should  be  interesting  to  know 
if  a  similar  effect  was  found  with  the  XV-9  rotor  by  Hughes. 

Anticipated  efficiency  was  32$  for  the  H3  rotor,  36$  to  38$  for  the  Do  132  dividing  net  rotor 
power  available  hy  gas  horsepower  behind  the  gas  generator.  Conventional  rotors  show  a  comparable 
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efficiency  of  72$  to  75$.  With  the  aforementioned  thrust  increase  the  propulsion  efficiency  of 
the  Dornier  rotor  climbs  up  to  a  good  50%.  This  means  the  rotor  could  easily  lift  a  gross  weight 
of  1  900  kg  at  an  empty  weight  of  900  kg  based  on  the  actual  weights  of  the  Do  132. 

Analysing  the  weight  breakdown  of  the  Do  132,  fig.  10,  it  can  be  seen  that  the  engine  weight 
is  87  kg.  The  same  PT6  with  power  turbine  and  shaft  gearbox  has  a  weight  of  131  kg,  that  is  50$ 
more.  Also  the  gas  generator  alone  is  20$  less  in  price.  The  entire  dynamic  system  weighs  20$  of 
the  present  (strcturally  limited)  gross  weight  which  compares  to  an  average  of  25$  for  the  geared 
helicopter.  This  together  with  the  lack  of  gearboxes,  tail  rotor  and  shafts  and  the  corresponding 
decrease  in  maintenance  and  cost  should  more  than  compensate  for  the  more  complicated  rotor  and 
rotorhead  construction. 

Characteristic  internal  stresses,  gas  ducts,  blade  tip  nozzles  and  corresponding  blade  nose 
balance  weights  in  all  the  pneumatic  rotors  resulted  in  a  blade  heavier  than  usual,  with  lock 
numbers  2/5  to  3/5  of  conventional  shaft  driven  blades.  This  almost  suppresses  higher  harmonics 
in  forward  flight  thus  reducing  flapping  and  lagging  motion.  Even  small  hinge  offset  as  in  the 
H3  gives  excellent  control  response  and  c.g.  range.  Hovering  stability  is  positively  affected  not 
only  by  the  rotor  mass  but  also  by  the  high  rpm  possible. 

A  time  history  of  pitch  movement  is  shown  in  fig.  11  for  both  the  Do  132  with  a  teetering 
but  heavier  rotor  and  the  H3  with  a  2$  flapping  hinge  offset  after  a  step  input.  Flight  test 
confirmed  the  predicted  favorable  behavior. 

Simulator  results  indicate  the  decoupling  of  longitudinal,  yo>'  and  vertical  motions.  However, 
yaw  control  in  hovering  is  still  a  problem  as  long  as  Mil-H-8501 '«  requirements  have  to  be  met. 

Both  projects  work  with  yaw  nozzles  at  the  tail  steadily  consuming  bleed  gas  from  the  main  rotor 
supply,  thrust  being  vectored  according  to  the  pedal  deflation.  The  H3  adds  additional  torque  by 
also  vectoring  the  residual  thrust  of  the  engine  which  reduces  power  required  for  yaw  control  to 
3$.  For  the  Do  132  the  5$  power  drain  is  increased  to  10$  for  higher  yaw  rates  when  one  of  the 
pedals  is  put  to  the  stop.  Here  the  simulator  runs  show  only  minimum  coupling  to  the  vertical 
movement  for  a  short  full  control  step  input  due  to  the  high  inertia  of  the  rotoi.  However,  this 
slight  coupling  occurs  only  when  the  engine  is  running  at  maximum  power.  Otherwise  the  i-pm 
governor  will  automatically  adjust  the  engine  power  to  the  additional  bleed.  Both  types  meet 
AGARD  577  requirements  for  yaw  control  of  VTOL  aircraft. 

In  forward  flight  the  fixed  wing  aircraft  type  tail  surfaces  provide  good  directional  and 
longitudinal  stability  and  more  than  sufficient  yaw  control. 

Now  a  few  words  regarding  the  available  rpm-range.  As  already  experienced  with  the  Do  32 
helicopter  the  high  rotor  inertia  and  wide  rpm-range  reduce  the  critical  area  in  the  height- 
velocity  diagram  -  the  so  called  dead  man’s  zone  -  considerably.  This  property  was  intentionally 
developped  in  the  later  designs  of  VFW-Fokker  and  Dornier  AG. 

For  the  geared  rotor  drive  engine  torque  is  an  essentiol  parameter.  The  rotor  should  be 
governed  at  a  definite  rotational  sperd  as  accurately  as  possible  in  order  to  draw  the  maximum 
power  out  of  the  engine  and  transmit  it  to  the  rotor  by  mechanical  means.  Even  with  the  flexible 
turbine  engine  of  today  the  shaft  torque  has  to/be  kept  below  a  certain  limit.  Thus  a  speed  drop 
of  the  rotor  also  means  corresponding  loss  of  power  available  from  the  engine  at  lower  turbine 
speed.  For  the  pneumatic  drive,  however,  over  xt  zero  rotor  speed  the  engine  can  be  put  to  full 
power,  producing  a  substantial  thrust  at  the  lade  tips  and  thus  accelerating  the  rotor  very  fast 
xo  operating  speed.  Fig.  12  illustrates  this  for  the  H3.  Power  required  and  Effective  power 
available  at  the  rotor  match  for  a  distinct  engine  power  setting  and  given  weight.  For  example  at 
750  kg,  a  tip  speed  of  130  m/s  and  13°  blade  pitch  as  well  as  at  205  m/s  and  6,3°  blade  pitch.  Of 
course  the  power  required  curves  -  solid  line  -  remain  the  same  if  a  shaft  drive  would  be  applied.' 
However  the  power  available  drop,  due  to  shaft  torque  limitation  and  increasing  ppwer  losses  in 
the  free  turbine,  would  follow  the  dotted  line. 

For  safety  considerations  tho  pilot  will  start  for  example  hovering  at  a  high  rotorspeed  with 
low  pitch  setting.  By  rapidely  pulling  the  collective  to  a  13°  position  and  leaving  it  there  he 
can  perform  a  dynamic  take-off  coming  to  a  hover  again  at  a  higher  oltitude.  Thrust  for  a  short  time 
almost  doubles  ■.  Based  upon  the  restricted  preliminary  flight  testing  of  the  H3  a  dynamic  altitude 
difference  in  the  order  of  50  m  should  be  possible.  Moving  the  collective  slowly  down  again  the 
rotor  v,ill  accelerate  without  loosing  thrust  as  seen  from  the  small  available  excess  power  -  shaded 
area. 
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In  summary  the  storage  of  kinetic  energy  not  only  reduces  the  critical  height-velocitiy  area, 
but  also  allows  the  unloading  of  the  pilot  from  constant  rpm  monitoring.  Safe  excess  power  is 
available  to  climb  out  or  accelerate  to  forward  speed  very  fast  under  adverse  conditions.  Similarly 
for  autorotational  landings  safety  is  added  and  pilot  skill  requirement  lowered. 
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Tht  slope  of  the  power  available  curve  versus  tip  speed  is  approximately  proportional  to  the 
propulsion  efficiency  of  the  blade  tip  nozzle  somewhat  flattened  by  the  lower  secondary  losses 
at  lower  speed.  For  the  Do  132  the  slope  of  the  power  available  curve  is  slightly  steeper  resul¬ 
ting  in  a  smaller  rpm-range.  However,  this  is  compensated  for  by  the  higher  mass  inertia  of  it's 
rotor.  In  the  Do  132  an  additional  speed  governor  has  been  developped  to  make  it  still  more 
comfortable  for  the  pilot.  Inputs  for  this  governor  are  rotor  speed  and  exhaust  temperature  of  the 
gas  generator.  A  PID  amplifier  adjusts  the  fuel  control  according  to  the  pilots  rpm  setting  over 
an  electro-pneumatic  servo.  The  pilot  needs  only  two  power  settings  and  has  the  choice  of  405  rpm 
for  dynamic  take-off  or  325  rpm  for  optimum  hover  and  forward  flight.  Similarly  the  H3  pilot  at 
the  present  can  use  an  rpm  range  from  300  to  425,  and  an  optimum  hovering  rpm  of  about  360  with 
280  to  480  rpm  available  with  the  400  hp  engine. 

As  far  as  future  compound  configurations  are  concerned  the  hot  cycle  rotor  drive  offers  a 
very  easy  and  highly  effective  method  for  smooth  power  distribution.  Power  can  be  put  either 
directly  to  the  rotor  or  partially  or  completely  to  a  turbine  driving  fans,  shrouded  or  regular 
propellers  etc.  Advanced  design  studies  directed  towards  n  rotary  wing  recovery  device  for  drone 
aircraft  have  shown  that  for  a  hot  cycle  rotor  a  blade  with  1 5/S  thickness  Is  feasible.  Together 
with  the  results  of  the  diverter  valve  studies  it  pnves  the  way  for  a  very  uncomplicated,  safe, 
lightweight  and  effective  compound  helicopter  propulsion  system.  VFW-Fokker  built  a  diverter  gear¬ 
box  for  this  purpose  and  also  had  the  transition  phase  investigated  by  Sikorsky  on  their  research 
flight  simulator.  A  smooth  and  easy  transition  procedure  was  obtained.  Fig.  13  shows  one  of  the 
computer  plotted  simulator  flights.  With  less  forward  acceleration  and  unchanged  stick  position 
the  30  ft  altitude  loss  is  avoidable. 


5.  MISSION  CAPABILITY 

Evaluating  the  missions  for  which  the  pneumatic  rotor  drive  is  best  suited,  work  done  in  the 
recent  years  permits  to  state  that  it's  applications  are  not  limited  to  heavy  crane  helicopters. 

For  small  helicopters  the  hot  cycle,  and  if  a  10 %  to  20^  efficiency  improvement  is  possible  also 
the  cold  cycle,  could  supplement  not  replace  the  geared  helicopters.  Furthermore  in  commercial 
application  a  15 %  to  cost  reduction  favores  the  concept,  since  the  higher  fuel  consumption 
has  a  minimum  effect  on  direct  operating  cost,  fig.  14.  A  50£  higher  fuel  consumption  would  raise 
the  D.O.C.  by  only  about  3#  or  less.  A  10$  reduction  in  initial  cost  reduces  direct  opeiating  cost 
by  at  least  20^.  And  this  amount  of  cost  reduction  is  possible  today,  with  our  present  experience 
and  available  technology. 

For  larger  helicopters  for  example  designed  for  airline  commuter  service,  the  annual  utilisation 
has  to  be  so  high  that  the  higher  fuel  consumption  forma  a  much  bigger  part  of  D.O.C.  Thus  in  thir 
case  it  becomes  a  matter  of  weighing  the  secondary  advantages  against  this  increase  in  D.O.C. 

Military  use  may  also  be  somewhat  hampered  by  the  fact  that  usually  the  airframe  plus  engine  is 
only  part  of  the  system  which  proportionately  cuts  the  price  advantage.  However,  the  flight  hand¬ 
ling  qualities  and  maintenance  aspects  as  well  as  a  probable  higher  availability  and  easier  training 
might  favor  a  tip  reaction  system.  Finally  it  has  to  be  token  into  account  that  new  applications 
of  rotary  wing  aircraft  in  general  arise  with  new  systems.  Therefore  this  brief  survey  should  end 
with  a  glance  to  the  Dornier  drone  {helicopters. 


6.  NEW  MISSIONS 

As  mentioned  previously  the  present  development  of  an  unmanned  remotely  controlled  tethered 
rotor  platform  was  derivated  from  the  Do  32  helicopter,  fig.  15,  In  1964  the  Do  32  U,  fig.  16, 
flew  for  the  first  time.  Here  the  pilot  was  replaced  by  a  couple  of  block  boxes.  Successful  tests 
resulted  in  the  final  concept  "Kiebitz"  as  shown  in  fig.  3  before.  The  basic  idea  consists  in 
stabilizing  highly  sensitive  sensors  above  ground  or  sea  for  a  longer  period  of  time.  Horizontal 
air  mobility  which  would  have  permitted  to  fly  over  enemy  territory  was  deliberately  abandoned  in 
order  to  keep  the  rotor  platform  outside  the  range  of  fire  of  hostile  ground  troops  or  ships. 

A  mobile  ground  station  allows  the  rotor  platform  to  be  quickly  displaced. 

Airborne  platform  and  ground  station  ore  connected  by  a  cable.  An  expensive  flight  governing 
and  guidance  system  is  therefore  not  required.  The  tether,  fig.  17,  contains  the  fuel  line  as  well 
as  the  wires  for  control  and  sensor  sigr  rls  to  be  transmitted  from  the  ground  station  to  the  plat¬ 
form  or  vice  verso. 

Fig.  18  demonststes  the  simplicity  of  the  operational  "Kiebitz'1  due  to  the  torquefree  cold 
cycle  rotor  diive  system.  A  welded  framework  is  devided  into  two  compartments  by  o  fire  wall, 
faired  with  cn  easily  rem j^abie  nonstructural  housing.  The  upper  compartment  contains  controls, 
governor  and  systems  as  well  as  internal  components  of  sensors.  Below  the  Horizontally  arranged 
fire  wall  the  engine  with  accessories  and  the  yaw  nozzle  are  located.  Air  intake  is  arranged 
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around  the  rotor  hub  to  separate  it  as  far  as  possible  from  the  exhaust  gases,  at  the  same  time 
cooling  the  electronic  compartment.  Sufficient  cooling  of  engine  oil  is  obtained  by  a  tube  cooler 
wound  around  the  engine  air  inlet.  Sensors  usually  will  be  attached  to  brackets  at  the  outside. 

Table  2  shows  a  summary  of  missions  and  sensors  for  an  elevated  platform.  The  five  principal 
missions  are  surveillance  and  reconnaissance,  communication,  fire  control,  ECM  and  navigation. 

The  corresponding  sensors  are  based  on  optical,  electromagnetic  or  acoustical  means.  Fig.  19 
indicates  that  most  of  the  mission  requirements  can  be  met  with  a  small  rotor  platform  now  under 
development.  The  performance  is  summarized  in  table  3  according  to  specifications  of  the  customer. 
For  the  heavier  payloads  a  similar  device  is  under  consideration.  It  is  called  Argus  and  is 
equipped  with  the  dynamic  system  of  the  Do  132.  It  carries  up  to  500  kg  payload  or  will  obtain 
-  with  reduced  payload  -  an  altitude  of  1  000  m  above  ground  station. 

Concluding  this  brief  survey  it  might  be  mentioned  that  the  development  work  including  the 
hardware  and  test  programs  as  well  as  the  application  of  the  pneumatic  rotor  drive  to  tethered 
platforms  was  done  with  a  total  budget  of  about  42  million  German  Harks.  To  us  it  seems  to  be  well 
invested  money  not  only  looking  at  today's  achievements,  but  also  into  future  applications:  For 
high  speed  rotary  wing  designs  -  even  stowed  rotors  -  the  pneumatic  rotor  drive  offers  good  cost 
effectiveness  and  variable  rotor  speed  without  the  usual  mechanical  problems.  It  offers  loss  empty 
weight  at  least  for  big  cranes  and  compounds  and  eventually  a  simpler  retraction  mechanism  due  to 
the  lack  of  a  mechanical  transmission. 
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DO  132 

VFWH3 

Number  of  teats 

5 

3 

Power  installed 

710  gat  HP 

400  shaft  HP 

Rotor  drive 

pneumatic  hot  cycle 

pneumatic  cold  eye. 

Fan  dm* 

mechanical 

Dimensions 

Rotor  diameter 

36,2  ft 

28,6  ft 

Ovarall  length 

24,0  ft 

30,5  ft 

Mam  rotor 

Numbar  of  bladai 

2 

3 

Blada  airfoil  taction 

NACA  83,021 

NACA  23015 

Blada  twnt 

•6,9° 

0O 

Parmittabls  rpm  rang* 

310  to  420 

280  to  480 

Rotor  ditc  loading 

3,24  Ib/sq.ft. 

3,26  Ib/sq.ft. 

Weight 

Et.  pty  weight 

1  430  lbs 

1  075  lb 

Takeoff  weight 

3  150  lbs 

2  126  lb. 

Payload 

1  020  lbs 

5901b. 

Flight  petformancet 

(ISA,  tea  level,  max. grots  weight) 

Normal  cruising  speed 

116  kn. 

130  kn. 

Rate  of  climb,  vertical 

G60ft./min. 

390  ft./min. 

Bast  rat*  of  climb 

1  440  ft./min. 

1  280  ft./min 

Rang*  (10  mm  reserve) 

220  nm 

270  nm 

Table  1  Technical  datas  of  DO  132 /VFW  H3 
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SURVEILLANCE 

RECONNAISSANCE 

COMMUNICATION 

FIRE  control 

ECM 

NA'/IGATION 

SENSGk's- 

optical 

•TV  CAMERA 

»tLTV 

pCMNORECTONAL 

ANTENNA 

•OIRECTIONAL 

ANTENNA 

•LOW  FREQUENCY 
ANTENNA 

•BEAM  RIDER 
(LASER! 

•  JR  TRACKER 

ELECTRO¬ 

MAGNETIC 

>RApAR 

(GR&tf).  SEA. 
AIR) 

•DIRECTION 

FINDER 

o  RArMR 

TRACKER 

•ECM  RACAR 

•RF  JAMMER 

•  BEACON 

•TRANSPONDER 

ACCOUSTlCAL 

•OREGON 

FINDER 

_ 

_  UNDER  DEVELOPMENT  _ IN  PREPARATION 


Table  2  Summary  of  missions  end  sensors  for  an  elevated  platform 


▲  Flight  altitude  of  up  to  300  m  above  ground 
a  Continuous  operation  for  24  hours 

A  Readiness  for  operation  at  300  m  above  ground 
within  8  minutes 

▲  Recovery  and  readiness  for  transport  within  5  minutes 
A  Capability  of  operation  at  wind  velocities  cf  up 

to  14m/iec  :  8  m/sec  gust 

A  Ground -based  equipment  compiled  to  a  set  on  a  cross¬ 
country  vehicle 

Table  3  Requirements  for  a  tethered  rotor  platform 


Fig.  1  Pneumatic  rotors  build  and  tested  by  MBB 
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Fig.  4  Shaft  horsepower  to  weight  ratio  of  compounds  Fig.  3  Tethered  rotor  platform  DORNIER,Kiebitz 


Fig.  S  VFW  H3  small 

compound  prototype 


coefficient 


hot  gas  power  *350 HP  | 
radius*  4m 
blade  angle, coll. =10° 
optimum  blade  chord 


Fig.  8  Comparison  of  cold,  mixed, 
hot  cycle  tip  jet  drives 


3.0  [hp/cm2] 
gas  pressure  ratio 


SURVEY  OF  TILT  ROTOR  TECHNOLOGY  DEVELOPMENT 


by 

K.  B.  Gillmore 
Manager,  V/fTOL  Technology 
The  Boeing  Company,  Vertol  Division 
P.0.  Box  16858 

Philadelphia,  Pennsylvania  19142 


SUMMARY 

A  review  is  made  of  the  development  of  tilt  rotor  technology  since  the  X7-3  program  in 
the  late  1950 's. 

A  brief  comparison  of  the  capabilities  of  the  tilt  rotor  with  other  rotary  wing  config¬ 
urations  for  a  transport  mission  is  shown.  Tilt  rotor  performance  and  dynamic  model 
tests  are  described.  Analytical  methodology  development  is  reviewed  and  predictions  are 
shown  to  compare  well  with  model  test  data  in  the  areas  of  performance,  aeroelastic 
stability  and  flying  qualities.  It  is  concluded  that  the  technology  is  now  in  hand  to 
develop  a  prototype  vehicle. 


INTRODUCTION 

This  paper  presents  a  review  of  the  state-of-the-art  of  tilt  rotor  technology.  While 
the  data  presented  has  been  developed  primarily  from  Boeing  programs  in  this  field,  it 
is  presented  against  a  background  of  other  work,  particularly  by  NASA  and  Bell,  in  order 
to  provide  an  overall  perspective. 

The  feasibility  of  the  tilt  rotor  concept  was  demonstrated  in  the  late  1950's  by  the 
Bell  XV- 3  shown  in  Figure  1.  This  was  basically  a  test  bed  aircraft  and  while  it  success¬ 
fully  performed  its  purpose  of  substantiating  feasibility,  it  also  pointed  up  some  funda¬ 
mental  technical  problems  of  the  tilt  rotor  configuration,  especially  in  the  dynamics 
area  (References  1,  2  ). 

Boeing  started  major  tilt  rotor  development  in  1966  as  a  result  of  a  study  which  examined 
many  potential  low  disc  loading  configurations  in  applications  for  next  generation 
military  transport  missions.  One  output  of  this  study  is  shown  in  Figure  2.  This  figure 
shows  the  effect  of  design  cruise  speed  on  design  gross  weight  for  various  configurations, 
all  having  equal  payload,  radius  and  hover  capabilities.  The  helicopter,  with  or  with¬ 
out  wings,  runs  out  of  propulsive  force  around  200  knots.  This  can  be  extended  to  250- 
300  knots  by  compounding  but  at  a  weight  penalty  of  about  20%.  The  study  also  showed 
that  the  power  required  for  a  250  knot  compound  would  be  from  50  to  100%  greater  than 
that  of  a  180-200  knot  helicopter.  The  tilt  rotor  offers  speeds  of  300-350  knots  with 
a  weight  penalty  less  than  that  of  the  compound  and  with  the  same  power  as  the  helicopter. 
At  tho  expense  of  some  additional  weight  and  power,  the  tilt  rotor  has  speed  potential 
in  excess  of  400  knots.  Many  subsequent  tilt  rotor  application  studies  have  confirmed 
the  benefits  of  the  configuration  for  many  missions,  both  military  and  civil. 

Technology  Development 

This  attractive  performance  potential  caused  Boeing  to  initiate  an  extensive  program  of 
tilt  rotor  technology  development.  New  analytical  tools  had  to  be  developed.  A  good 
background  of  analytical  methodology  was  available  from  helicopters  and  tilt  wings, 
particularly  in  the  areas  of  rotor  performance  and  loads.  However,  this  still  needed 
modification  to  deal  with  the  special  cases  of  high  twisted  flexible  rotors  used  on  the 
tilt  rotor  configuration.  The  biggest  task  in  the  analytical  development  was  in  the 
dynamics  area  where  the  large  flexible  rotors  mounted  at  the  tips  of  relatively  flexible 
wings  presented  more  potential  problems  in  aeroelastic  stability  both  of  individual 
blades  and  of  coupled  propeller/nacelle/wing  systems  than  are  experienced  either  by  a 
helicopter  or  a  propeller-driven  airplane. 

Model  Testing 

All  of  this  new  methodology  had  to  be  substantiated  by  model  tests.  In  the  last  five 
years  Boeing  has  completed  over  3,500  hours  of  tilt  rotor  model  testinq.  Because  so 
much  of  the  work  was  ir.  the  dynamics  area,  this  also  required  development  of  the  tech¬ 
nology  of  building  and  testing  dynamically-scaled  models,  both  powered  and  unpowered. 
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5-1/2  foot  diameter  semi-span  model  which  Boeing  has  recently  used  for  examination  of  the 
aeroelastic  characteristics  of  the  coupled  wing/rotor  system.  This  model  uses  a  hingeless 
rotor  with  inplane  frequency  of  about  .75/rev.  After  demonstrating  freedom  from  aero¬ 
elastic  instabilities  when  mounted  on  the  nominal  stiffness  wing,  a  special  soft  spar  was 
built  for  this  model  to  examine  stability  boundaries.  During  these  tests  the  data  shown 
in  Figure  8  was  developed  indicating  good  agreement  between  predicted  and  measured 
instability  boundaries. 

A  tilt  rotor,  like  a  helicopter,  is  susceptible  to  mechanical  instability  or  ground 
resonance.  Mounting  a  rotor  on  a  flexible  wing  also  results  in  tl.e  possibility  of 
mechanical  instability  in  the  air  or  air  resonance.  Ground  resonance  has  been  extensively 
investigated  for  helicopters  and  extension  of  the  analytical  methodology  to  include  air¬ 
frame  flexibility  gives  excellent  prediction  of  the  boundaries  of  air  resonance  in  the 
cruise  mode  as  shown  in  Figure  9,  which  shows  the  decay  of  modal  damping  with  increase  in 
rpm  for  a  semi-span  dynamically-scaled  wing  and  rotor. 

Design  studies  have  indicated  no  problem  in  selecting  wing  and  rotor  characteristics  which 
will  keep  instability  boundaries  well  removed  from  operating  conditions  without  paying 
any  substantial  weight  penalty.  This  is  shown  in  Figure  10  which  depicts  the  predicted 
aeroelastic  stability  boundaries  for  a  12,000  lb.  gross  weight  tilt  rotor  aircraft  as 
compared  to  the  operating  flight  envelope.  The  wing  used  in  this  study  was  designed  from 
strength  considerations  only  and  did  not  have,  to  be  modified  to  provide  the  stability 
characteristics  shown. 

Flying  Qualities  and  Gust  Sensitivity 

The  blades  of  a  tilt  rotor  aircraft  in  the  cruise  mode  are  lightly  loaded  and  operate  at 
very  low  section  angles  of  attack.  Changes  in  rotor  attitude  and  velocity  can  therefore 
make  large  changes  to  local  section  angles  of  attack  and,  therefore,  to  total  rotor  loads. 
The  rotor  static  derivatives  therefore  became  a  major  component  of  the  total  aircraft 
derivatives  and  can  produce  large  destabilizing  moments.  The  variation  of  the  rotor 
static  derivatives  with  blade  flapping  frequency  is  shown  in  Figure  11.  This  effect 
presents  no  surprise  and  follows  directly  from  the  increased  flapping  motion  of  *-he  more 
flexible  blades.  Less  well  known  is  the  effect  of  lag  frequency  on  the  rotor  derivatives 
shown  in  Figure  12. 

As  the  lag  frequency  is  reduced,  the  pitching  moment  derivative  reduces  sharply  and 
actually  changes  sign  and  becomes  a  stabilizing  moment  on  the  airplane.  This  effect  is 
large  because  of  the  fact  that  in  the  cruise  mode  at  high  collective  pitch  settings 
blade  motion  in  the  disc  plane  produces  large  changes  in  local  blade  section  angle  of 
attack,  unlike  a  helicopter  where  inplane  motion  of  the  blades  produces  only  small 
velocity  changes  and  substantially  no  change  in  airfoil  angle  of  attack.  As  shown  in  the 
figure,  a  soft  inplane  rotor  having  a  natural  frequency  of  about  .75/rev  produces  lower 
forces  and  moments  than  either  a  rigid  propeller  or  gimballed  rotor  (inplane  frequencies 
1.3  to  2.5  per  rev)  or  an  articulated  rotor  (inplane  frequencies  of  .25  to  .3  per  rev). 
Substantiation  of  this  predicted  variation  was  obtained  from  the  semi-span  dynamic  mod'  l 
discussed  earlier  in  this  paper.  By  varying  the  rpm  the  inplane  frequency  could  be 
varied  from  about  .75/rev  up  to  more  than  1/rev  and  the  variation  in  pitching  moment 
derivative  predicted  and  measured  as  shown  in  Figure  13.  Without  lag  accountability 
the  pitching  moment  predicted  would  increase  with  decreasing  rpm  due  to  the  increase  in 
advance  ratio.  Thus,  the  rotor  dynamics  can  be  used  within  limits  permitted  by  blade 
load  and  aeroelastic  stability  considerations  to  improve  the  flying  qualities  of  the 
airplane. 

However,  it  still  remains  clear  that  because  of  the  large  lightly  loaded  rotors  a  tilt 
rotor  will  tend  tc  have  a  higher  gust  sensitivity  than  a  conventional  propeller-driven 
airplane  with  the  same  wing  characteristics.  Since,  however,  the  propellers  incorporate 
cyclic  pitch  control,  the  capability  is  available  to  use  this  cyclic  pitch  as  a  feedback 
control  system  in  order  to  alleviate  gust  effects.  Analyses  and  wind  tunnel  tests  have 
confirmed  the  effectiveness  of  such  a  system. 

The  gust  sensitivity  of  the  tilt  rotor  applies  also  to  longitudinal  or  axial  gusts. 

The  reason,  again,  is  the  low  mean  blade  section  angle  of  attack  in  the  cruise  mode, 
resulting  in  large  percentage  changes  in  thrust  for  a  given  change  in  axial  velocity. 

This  effect  was  noted  on  the  XV-3  where  pilots  observed  both  a  galloping  and  a  yawing 
tendency  in  rough  air  at  high  forward  speeds.  Here,  again,  as  in  the  case  of  inplane 
gusts,  a  major  improvement  in  airplane  response  can  be  obtained  by  use  of  a  feedback 
control  system  into  collective  pitch.  The  extent  to  which  response  to  a  gu.  t  can  be 
reduced  is  shown  in  Figure  14.  It  can  be  seen  that  the  response  to  a  longitudinal  gust 
can  be  almost  eliminated  by  suitable  feedback. 
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Summary  of  Technology  Development 

In  summary,  we  can  say  that  tilt  rotor  performance  is  predictable  by  available  analytical 
methods  which  substantiate  the  100-150  knot  speed  improvement  over  a  helicopter  without 
increase  in  power.  Developments  in  aeroelastic  analysis  over  the  past  five  years  now 
permit  prediction  of  stability  boundaries  and  are  well  substantiated  by  dynamic  model 
tests.  Freedom  from  aeroelastic  instability  can  be  readily  achieved  throughout  the 
flight  envelope  with  little  or  no  penalty  in  weight  or  complexity.  Flying  qualities  are 
predictable  and  by  taking  advantage  of  potential  rotor  dynamics  and  by  use  of  feedback  ir; 
the  rotor  collective  and  cyclic  pitch  control  system,  can  be  made  as  good  or  better  than 
those  of  a  fixed  wing  airplane  in  the  cruise  mode  or  a  helicopter  in  the  hover  and  trans¬ 
ition  modes. 

Other  technology  areas,  which  it  has  not  been  possible  to  cover  in  this  brief  review,  are 
also  well  in  hand. 

Noise,  a  major  obstacle  to  introduction  of  many  V/STOL  and  STOL  concepts,  is  not  a  problem 
for  the  tilt  rotor.  In  hover,  the  high  blade  twist  results  in  a  blade  load  distribution 
which  is  higher  inboard  and  lower  outboard  than  a  helicopter,  resulting  in  lower  noise 
levels.  A  tilt  rotor  has  no  difficulty  in  meeting  proposed  noise  standards  such  as  95  PNDB 
at  500  feet  distance  in  hover.  The  use  of  low  cruise  rpm  (typically  about  70%  of  hover 
rpm)  to  improve  propulsive  efficiency  also  results  in  very  low  noise  levels  m  cruise. 

Vibration,  a  major  helicopter  problem  ever  since  the  first  helicopters  flew,  is  greatly 
reduced  in  a  tilt  rotor.  The  rotor  never  operates  in  the  high  tangential  flow  field 
associated  with  high  speeds  in  the  helicopter  mode  and,  in  all  regimes  of  flight,  the 
wing  of  the  tilt  rotor  is  an  effective  rotor  isolation  system,  providing  large  attenua¬ 
tion  of  any  rotor  excitations  before  they -reach  the  fuselage. 

Overall  it  can  be  concluded  that  tilt  rotor  technology  has  been  developed  to  the  state 
where  industry  could  go  ahead  with  an  operational  tilt  rotor  aircraft  with  high  confidence. 
This  same  conclusion  was  drawn  by  Bell  in  Reference  6. 

So  now  that  we  have  this  technology,  what  are  we  going  to  do  with  it? 

Need  for  Flight  Demonstration 

Both  commercial  and  military  operations  can  benefit  substantially  from  the  realization 
of  the  unique  characteristics  of  this  configuration,  combining  the  hovering  efficiency 
and  flying  qualities  of  the  helicopter  with  the  cruise  efficiency  and  flying  qualities 
of  the  fixed  wing  airplane. 

The  risk  involved  in  introducing  any  new  aircraft  system,  even  of  a  conventional  concept, 
is  now  so  high  in  terms  of  cost  that  the  U.S.  Department  of  Defense  has  instituted  a 
"Fly  before  you  buy"  philosophy.  Clearly,  the  risk  of  starting  a  program  aimed  at  the 
introduction  of  a  production  aircraft  with  a  new  configuration  incorporating  new  tech¬ 
nology  represents  a  still  higher  risk  even  when  the  technology  has  been  as  well  substan¬ 
tiated  through  analyses  and  model  tests  as  has  the  tilt  rotor.  The  probability,  there¬ 
fore,  that  the  tilt  rotor  could  be  developed  in  one  shot  for  a  specific  mission  starting 
from  today's  state  of  technology  is  very  poor.  If  the  technology  we  have  developed  is 
ever  to  be  applied  to  an  operational  aircraft,  an  intermediate  flight  step  of  a  demon¬ 
strator  aircraft  or  proof-of-concept  vehicle  which  could  be  developed  for  a  far  more 
modest  expenditure  than  a  true  operational  prototype  appears  absolutely  necessary. 

This  aircraft  must  demonstrate  far  more  than  the  feasibility  aimed  at  m  the  XV-3  and 
other  similar  tese  beds.  It  must  provide  an  honest  flight  demo istration  that  all  the 
technology  is  in  fact  ir.  h-.nd  and  it  must  substantiate  the  pred.  cted  benefits  of  the 
configuration  bv  exploring  the  full  flight  envelope  and  demonstrate  the  aerodynamic, 
dynamic,  structural  and  operational  capability  of  the  tilt  rotov  concept.  NASA  has  plans 
for  the  development  of  such  a  vehicle  which  would  be  in  the  10-12,000  lb.  size  class  and 
might  be  configured  as  shown  in  Figure  15.  I  would  appeal  to  all  who  are  interested  in 
the  development  of  operational  V/STOL  aircraft  to  pro  'e  active  support  for  this  program 
to  ensure  that  a  "proof-of-concupt"  vehicle  is,  in  fact,  built  and  flown  so  that  the  large 
investment  which  government  and  industry  have  made  in  tilt  rotor  technology  development 
may  be  put  to  use  ii  operational  aircraft  and  not  just  filed  as  an  interesting  academic 
exorcise . 
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Figure 
Full-Spa"  Dynamic  Model 
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Figure  8 

Whirl  Flutter  Stability  Correlation 
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Figure  9 

Air  Resonance  Stability  Correlation 
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Figure  10 

Aeroelastic  Stability  Boundaries 


Figure  11 
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LSFENESTRON,  SOLUTION  NOUVELIE  DE  ROTOR  DE  QUEUE 


par  J«  OALLOT,  Ghaf  du  SERVICE  AERODYNAMIQUE 
AEROSPATIALE  B.P  888  MARIGNANE  (France) 


RESUME 

Le  rotor  de  queue  carene  developpd  par  1 'Adroapatiaie,  pour  le  SA  341  "Gaselle"  represents  une 
solution  nouvelle  pour  rdsoudre  le  problferae  du  contrfile  en  lacet  des  appareils  de  type  A.D.A.V. 

En  effet,  cette  formule  n'est  pas  soumise  aux  problfemes  ihherents  au  rotor  arrifere  classique  : 
instability  dynamique  ou  vibrations  importantes  k  grande  vitesse.  Sea  performances  intrinsfeques, 
legferement  moins  brillantes  en  stationnaire,  deviennent  meilleures  en  vol  d'avanoement,  et  indfependam- 
ment  de  1 'dconomie  de  puissance  realises,  la  solution  rotor  carene  permettra  d'atteindre  des 
vitesses  superieures,  la  limitation  due  au  ddcrochage  fetant  fortement  attenuee*  Pour  un  convertible 
trfes  rapide,  on  peut  mflme  envisager  sans  difficulty  technique  particulifere,  son  eacamotage  complet 
si  besoin  eat* 

Dans  l'dtat  actuel,  le  rotor  de  queue  cardne  apparait  comma  une  solution  satisiaisante  du  point  de  vue 
qu&litds  de  vol,  qui  represents  un  progrfes  dans  le  domains  de  la  security  au  sol  et  en  vol,  et  qui, 
moyennant  quelques  amdlicrations  simples  pourrait  conatituer  egalerasnt  un  progrfes  sensible  du 
point  de  vue  bruit* 

Notations 

07  ’  Ksu* 

H-  =  poussde  rotor  cardnd,  positive  k  droits  de  l'appareil 
f  a  density  de  l'air 

S  =  surface  du  disque  bilayd  par  les  pales 
U.  a  vitesse  peripherique 
-•  paramfetre  d'avanoement 
V  =  vitesse  d'avuncoment 


INTRODUCTION  j 

Malgrd  l'expyrience  que  leshyiiccptferiates  ont  des  rotors  de  queue  k  faible  charge  au  disque,  il  eat 
inddniable  que  cette  solution  constitue  une  servitude  gdnante  aur  le  plan  technique  et  oporationnel. 

Sur  le  plan  technique,  la  solution  rotor  de  queue  classique  ndcessite  an  transfert  de  puissance  a 
grandedistancf. en  permanence,  oe  qui  multiplie  les  organes  mecamo.uss*  II  opfere  dans  des  conditions 
vibratoirea  et  ayrodynaaiques  difficiles  k  cause  de  sa  position  en  extremity  de  queue  et  des  intdrac- 
tions  trfes  sdvferes  avec  le  souffle  rotor  principal,  le  sillage  du  fuselage  et  la  ddrive.  Du  fait  de 
la  sdvferitd  de  ces  conditions  de  fonctionnement,  le  rotor  arrifere  classique  est  soumis  a  des  contraintes 
importantes  qui  liaitent  fortement  la  duree  de  vie  de  ses  yidments*  De  plus  il  est  gdndralement  critique 
au  point  de  vue  stability  de  fonctionnement,  par  suite  de  la  souplesss  relative  de  la  structure  qui  le 
3Ui  ^rte* 

Sur  le  pi  in  operationnel,  le  rotor  de  queue  est  un  ensemble  fragile  et  dangereux*  Au  voisinage  du 
sol,  le  contact  est  toujours  possible  avec  des  pierres  ou  des  branches,  ce  qui  conduit  dans  la  majority 
des  cas  k  sa  destruction* 

Dans  lee  operations  au  sol  ou  le  rotor  tourne,  il  reprdsente  un  danger  permanent  pour  le  personnel  qui 
se  trouve  k  proximity  immediate  de  l'hdlicoptfere. 

En  vol,  tout  incident  concornant  la  transmission  arrifere  ou  le  rotor  de  queue  est  caiustrcphnue  puis- 
qu'il  necessite  un  atterrissage  immediat  en  autorotation,  avec  une  trfes  faible  liberty  de  manoeuvre. 

La  solution  du  rotor  de  jueue  cardnd,  ou  "Fenestron",  doveloppee  par  1' Aerospatiale  pour  le  SA  341 
Gazelle  (figure  1),  permet  de  s'affranohir  des  servitudes  inherentes  au  rotor  arrifere  classique. 

De  plus  compte  tenu  de  la  technologie  retenue,  cette  solution  presente  un  p*ogre3  certain  dans  le 
domane  de  la  fubilite  et  de  la  maintenance. 
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DESCRIPTION  DO  FENESTRON  (figure  2) 

Le  rotor  de  queue  "Fdnestron"  eat  constitud  d'ua  rotor  a  pale3  multiples  de  faiblee dinfc-sions, 
artioulees  en  pas  seulement,  qui  tourne  k  l'intdriour  d'un  tunnel  amdnagd  dans  la  derive  vertioale  en 
extremity  de  la  poutre  de  queue . 

Le  tunnel  posskde  un  bord  d'attaque  arrondi  et  un  leger  divergent  pour  amdliorer  le  re:.deaent  lorsque 
le  Fdnestron  travaille  pour  compenser  le  couple  dft  au  rotor  principal* 

Lea  pales  en  alliage  d'aluminium  sont  obtenues  directement  par  raa trip age.  L' articulation  en  pas 
s'effectuant  sur  paliers  auto-lubrmants,  ellea  compo.-tent,  au  pied,  une  partie  cylindrique  en  face 
du  palier  d'incidence,  le  levier  de  pas  eat  constitud  par  une  excroiaaance  de  la  pale  elle-m@me. 

Le  rotor  eat  supports  directement  par  une  petite  bo£te  de  transmission  comportant  un  couple  de  pignonB 
coniques,  qui  transaet  le  mouvement  de  rotation  en  provenance  de  la  bo£te  de  transmission  principals . 

Sur  ce  boltier  une  simple  servo-commande  permet  de  modifier,  sans  effort  important  au  pied. 

La  ddrive,  elle-mfime,  calee  k  une  certaine  incidence  par  rapport  k  l'axe  appareil,  est  cambrde  de 
faqon  k  fournir  une  poussee  laterals  anticouple  en  translation.  L'ensemble  est  complete  k  la  partie 
infdrieure  par  un  sabot  cardnd  capable  d' absorber  une  certaine  dnergie  en  caB  d'atterrissage  tres  cabrd. 

AERODYNAMI jUE  DU  FENESTRON 

-  Vol  stationnaire  : 

Au  point  de  vue  performance  au  point  fixe,  il  est  bien  evident  qu'une  solution  rotor  cardnd  pour  un 
anticouple  d'hdlicoptkre  est  attrayar.te  puiaqu’elle  permet  thdoriquement  k  iso  diamfetre  un  gain  de 
puissance  de  l'ordre  de  30  pour  une  rndme  poussde.  En  effet  le  tunnel  amdliore  le  rondement  de 
1' anticouple  pour  deux  raisons  : 

a)  il  y  a  reduction  des  pertes  en  bout  de  pale  qua  subit  normalement  un  rotor  libre 

b)  la  diffdrence  de  pression  qui  s'dtablit  entre  la  face  amont  et  la  face  aval  de  la  ddrive,  reprdsen- 
te  thdqriquement  la  moitie  de  la  poussde  totale  et  en  pratique  environ  30  ,o. 

Il  ne  faut  pas  oublier  aussi  qu'un  rotor  arrikre  claesique  en  presence  d'une  ddrive  m$me  petite  a 
une  efficacitd  diminude  de  5  k  10  ,«  classiquement,  par  suite  des  interactions  ddfavorables  avec  la 
ddrive. 

Par  contre,  l'intdgration  d'un  rotor  cardnd  dans  la  structure  de  1'hdlicoptkre  ndcessite  une  rdduction 
importante  du  diamktre  pdnalisante  au  point  de  vue  puissance.  Le  choix  ddfinitif  de  ce  diamktro  est 
done  un  compromis  entre  les  performances  et  des  considdrations  d'enoombrement  et  de  poids  de  ddrive. 

Dans  le  cas  du  SA  341,  l'adaptation  retenue  n'est  pas  trep  pdnalisante  puisqu'elle  conduit  dans  le  can 
de  la  masse  maximale  de  1700  kg  en  vol  stationnaire  HES  au  niveau  de  la  mer,  en  atmosphore  standard, 
k  une  perte  de  4  ,«  sur  la  puissance  totale  par  rapport  k  un  helicopters  dquipd  d'un  rotor  arrikre 
conventions  1 . 

Des  essais  en  soufflerie  sur  maquette  k  l'dchelle  1/2,  et  au  banc  grandeur  reelle  ont  permis  de  vdri- 
fier  les  prddictiona  de  calcul  et  d'amdliorer  le  fonetionnament  du  Fdnestron  : 

-  la  forme  du  cardnage  a  dtd  optimisde  en  ce  qui  concerns  la  fonae  des  lkvres  d'entrde  et  la  ldgere 
diffusion  adoptde. 

-  l'influenoe  du  jeu  entre  les  pales  et  le  tunnel  a  dtd  testde 

-  les  profits  de  pale  retenus  ont  dtd  choisis  d'aprks  les  resultats  de  soufflerie 

Il  est  apparu  de  plus  que  le  Fdnestron  avait  une  efficacitd  croissant  rdgulikrement  juequ'au 
ddcrochage  pratiqueraent,  contrairement  au  rotor  arrikre  classique  dont  l'efficacitd  dimLiue  rapidement 
mSoe  lorsque  lo  ddcrochage  est  encore  assez  dloignd  (figure  4).  Il  faut  noter  que  les  poles  du  Fdnestron 
dtant  de  plus  oxtrSmement  raides,  le  comportement  vibratoire  au  voisinage  du  ddcrochage  est  nettement 
plus  sain  que  pour  un  rotor  arrikre  classique. 

Lea  essais  sur  banc  appareil  en  prdsonce  du  rotor  principal  en  effet  de  sol,  ont  montrd  que  le  fonction- 
nement  du  Fdnestron  dtait  trks  ldgkrement  perturbd  par  le  souffle  rotor  principal  sans  doute  parce  que 
la  diffdrence  de  pression  existant  aur  la  ddrive  est  modifide  par  1' apparition  d'un  vent  relatif. 

Ce  phdnomkne  peu  gdnant  a  dtd  retrouvd  sur  appareil  en  vol  stationnaire.  Bien  qu'il  faille  moms  de 
puissance  k  1 'hdlicoptkre  dans  l'effet  de  sol  que  hors  effet  de  sol,  il  faut  ldgkrement  plus  de  pied 
dans  l'effet  de  sol  comme  le  montre  la  couroe  (figure  3)  donnant  l'dvolution  du  pied  en  fonction  de 
la  hauteur  de  1' appareil  au  dessus  du  sol. 
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-  yoI  d'avancement  : 

Le  fonctionneraent  du  Fdnestron  en  vol  d'avancement  a  priori  pouvait  poser  des  probifemes.  Notanment 
on  pouvait  craindre  un  decrochage  de  la  lfevre  d'entrde  en  attaque  oblique,  ee  qui  aura it  eu  pour 
effet  d'introduire  des  variations  brutales  de  moment  de  lacet  et  dea  contraintee  altemdes  iapor- 
tantes  dans  les  pales. 

Dfes  le  stade  conception,  pour  rdduire  1' importance  eventuelle  de  ce  phdnomkne  et  surtout  pour  rdduire 
la  puissance  passant  dans  la  boite  de  transmission  arrifere  en  translation  &  grande  vitesae,  la  ddrive 
a  dtd  vrillde  et  cambree  de  fa?on  k  ce  que  la  presque  totality  de  l'effort  antieouple  ndcessaire 
dans  ce  cas  soit  fournie  par  la  derive  et  non  par  le  rotor.  Le  c ont r file  de  lacet  reatait  ndanmoina 
assure  par  la  variation  de  pa3  rotor. 

Les  essais  en  soufflerie,  effectues  sur  la  maquette  motorisoe  (dchelle  l/2)  pour  des  rapports 
d'avancement  allant  jusqu'k  0,55  et  dera'^age  variable  juaqu ' k  +  8  degree,  ont  montrd  que  l'ensemble 
derive- fdnestron  avait  cne  efficacitd  regulikre  en  fonction  du  ddrapage  (figure  6)  que  Deque  aoit 
la  Vitesse  sinulee  et  le  pas  affiche,  ce  qui  dliminait  la  possibilitd  d'un  decrochage  de  la  lkvre 
du  cardnage  en  vol  d'avancement.  Far  ailleurs,  l'efficacitd  de  la  coooande  de  pas  ne  presentait  aucune 
anomalie  dans  le  domains  explore  (figure  7).  Les  essais  ont  montrd  aussi  que  la  stabilitd  statique, 
en  lacet,  d'un  appareil  dquipd  de  cette  solution,  est  pratlquement  ddterainde  par  sa  ddrive  verticals, 
ce  qui  ndcessite  une  surface  de  derive  importante  et  efficace. 

Les  poussees  maximum  realisees  en  soufflerie  en  vol  d'avanoement  sont  nettement  supdrieures  aux 
poussdes  ndcessaires  a  la  fonction  anticouple,  m§me  dans  le  cas  d'une  ddrive  non  portante  (figure  8) 
et  surtout  ddpassent  largement  les  possibilitds  d'un  rotor  arrikre  classique  ayant  mfime  poussde 
maximum  en  vol  stationnairo .  De  ce  fait  dans  le  domains  explord,  les  possibilitds  de  manoeuvre  aveo  un 
fdnestron  sont  importantes,  alors  que  le  mdme  appareil  dquipd  avec  un  rotor  classique  aerait  limitd 
en  Vitesse  et  en  ddrapage. 

Du  point  de  vue  performances  en  vol  d'avanoement,  il  est  dvident  qu'un  Fdnestron  pratiquement  ddchargd 
ndcessitera  beaucoup  moins  de  puissance  qu'un  rotor  arrikre  classique  surtout  k  grande  vitesae  ou 
celui-ci  fonctionnerait  prks  du  decrochage. 

Dans  le  cas  du  SA  541,  les  raesures  effectuees  en  vol  ont  permis  d'estimer  k  70  /«  la  diminution  de  la 
puissance  passant  dans  la  adcanique  arrikre  par  rapport  k  la  solution  claoeique  pour  une  vitesse  de 
250  km/h.  Cette  dconomie  ne  3e  retrouve  pas  intdgralement  dans  le  bilan  ocoplet  puisqu'il  faut  tenlr 
compte  des  traindes  induites  par  les  2  solutions  et  de  la  trainde  induite  par  la  portance  de  la  ddrive. 
Ndanmoins,  il  reste  un  bendfice  global  chiffrd  aux  environs  de  2 

STABILITY  -  MANOaUVRABILITK  -  MANIABILITC  EN  LACET  l 

Les  essais  en  vol  sur  SA  541  ont  permis  d'expdrimenter  cette  solution  k  plus  de  310  km/h  en  palier 
et  550  km/h  en  descente,  ce  qui  a  permis  de  confirmer  en  gdndral  les  essais  de  soufflerie.  On  a  pu 
noter  les  remarques  auivantes  : 

1°)  La  ->ur  be  de  ddplaoement  pa  dale  en  fonction  du  ddrapage  k  la  vitesse  de  croiaikre  (figure  9) 

pres^nte  une  z8ne  ou  la  pente,  gdndralemBnt  trks  satisfaisante  pour  la  etabilite,  accuse  uie dimi¬ 
nution  trka  netball  s'agit  de  la  position  du  pied  qui  correspond  k  la  poussde  mule  du  Fdnestron 
et  par  consequent  il  semble  qu'il  y  ait  une  ldgkre  plage  de  moindre  efficacitd  lorsque  la  circula¬ 
tion  d'air  dans  le  tunnel  s' inverse. 

2°)  En  autorotation  k  grande  vitesae.  la  ddrive  fournit  un  effort  important  qui  n'eet  plus  ndoessaire 
et  qui  doit  Stre  compensd  par  une  poussde  Fdnestron  en  sens  inverse. 

C'est  pour  ces  deux  raison  que  les  modifications  suivantes  ont  dtd  appliqudee  au  cours  de  la  sd.ee  au 
point  : 

1°)  Suppression  du  vrillage  et  diminution  du  calage  de  la  derive  pour  limiter  la  poussde  ndgative  en 
autorotation  et  pour  ddcaler  vers  des  valeurs  de  ddrapage  moins  usuelles,  la  z8ns  de  moindre 

3tabilitd 

2°)  Accroissement  de  la  surface  de  la  ddrive  et  adjonction  d'oreilleo  laterales  profildes  pour 

donner  un  peu  plus  de  stabilitd  propre  k  l'appareil  dans  la  zfine  de  poussde  Fdnestron  nulls  qui 
rests  traverses  lor3  du  passage  en  autorotation. 

Dans  la  configuration  adoptee,  le  rotor  carend  fournit  ainsi  en  translation  une  ldgfere  poussde 
anticouple  sans  que  la  puissance  absorbee  ait  augmente  notoirement.  Cette  poussde  ns  s'inveree  jamais 
saufen  cas  de  ddrapage  important  ou  en  descente  en  autorotation. 


Dins  la  configuration  serie,  l'appareil  present®  une  bonne  stability  dynamique. 

Pour  une  puissance  donnee  et  une  vitesse  ddtenainde,  la  position  dea  pd  dales  peut  demeurer  constants 
inddfiniment •  Kn  virage  l'appareil  se  pilots  simplement  par  action  au  manche  en  latdral  sans  rdao- 
tion  spdciale  ddsagreable. 

La  manoeuvrability  avec  le  Fdnestron  est  ddterminde  par  les  marges  au  palonnier  qui  sont  suffisantes 
dans  tout  le  domains  de  vol.  En  vol  stationnaire  H.E.S  ou  D.E.S,  Involution  de  la  position  des 
pedales  avec  la  masse  rdduite  representde  sur  la  figure  10  laisae  une  marge  suffisante  en  altitude 
compte  tenu  de  la  bonne  efficacitd  du  Fdnestron  quel  que  soit  l'effort  ddveloppd. 

La  stabilisation  des  differents  caps  au  vent  se  fait  avec  une  precision  corrects  jusqu'k  dea  vents 
de  30  kts  tout  en  laissant  une  latitude  de  manoeuvre  suffisante  (figure  11).  Enfin  en  vol  de  transla¬ 
tion  involution  de  la  position  du  palonnier  reprdsentde  sur  la  figure  12  en  fonction  de  la  vitesse 
depend  du  niveau  de  puissance  sur  le  rotor  principal  et  du  delestage  par  la  ddrive  avec  la  vitesse. 
Dans  tous  les  cas  la  garde  au  pied  a  dtd  jugde  satisfaisante,  m@me  A  grande  vitesse  en  autorotation. 

La  maniabilitd  en  vol  stationnaire,  bien  symdtrique,  peut  6tre  caractdrisde  par  la  rdponse  de  l'appareil 
en  lacet  k  un  dchelon  de  10  ,*  de  la  course  totals  des  pddales.  Dans  le  cas  du  SA  341  on  obtient  une 
vitesse  angulaire  de  lacet  d'environ  40  degrds/seconde . 

En  vol  d'avancement,  la  rdponse  appareil  deviont  dissymetrique.  Par  example  a  100  kts,  sur 

un  dchelon  de  5  /»  on  obtient  A  gauche  une  rdponse  en  vitesse  angulaire  de  lacet  plus  importante, 
k  gauche  13°/s  contre  7°/s  k  droite. 

Cette  dissymdtrie  d'efficacitd  ddjA  relevde  sur  les  courbes  de  stability  statique  (figure  9)  n'ast 
cependant  pas  gdnante,  compte  tenu  de  la  bonne  stability  du  l'hdlicoptere  et  du  mode  de  pilotage,  et 
passe  inaper^iB du  pilots,  s'il  ne  recherche  pas  vraiment  oe  problems. 


VIBRATIONS  ET  EFFORTS  DANS  LES  COHMAHDES  t 


Le  fait  que  le  Fdnestron  soit  presque  totalement  ddcharge  en  vol  d'avancement  et  par  consequent 
soit  alimente  par  un  flux  tree  faible,  laissait  supposer  que  la  dissymdtrie  d'efforts  adrodynamiques 
k  laquelle  est  soumise  un  rotor  arriAre  classique,  serait  forteraent  attdnude  dans  la  solution  Fdnestron. 
Ceci  a  dtd  pleinement  confirmd  par  les  mesures  de  contraintes  en  vol  effectudes  par  straingages 
colldes  sur  les  pales. 

Un  large  domains  de  vol  a  dtd  balayd  pour  ces  mesures  : 

-  vol  stationnaire  et  manoeuvres  rapides  en  lacet 

-  vol  de  montee  et  de  descents  en  autorotation  A  toutes  les  vitesses  d'avancement  possibles. 

-  vol  de  translation  jusqu'A  350  km/h  en  desoente  A  la  puissance  maximale. 

Les  contraintes  les  plus  dlevdes  rencontrdes  dans  le  rayon  de  raocordement  au  pied  de  pale  correspon¬ 
dent  au  vol  stationnaire  avec  manoeuvre  rapide  de  rotation  A  droite,  elles  sont  de  l'ordre  1,5kg/mm2. 
En  vol  horizontal  A  la  vitesse  de  260  km/h  et  ddrapage  nul,  elles  ne  ddpassent  pas  1  W mm2. 

Par  ailleurs  le  ddrapage  a  une  influence  trfes  faible  sur  les  contraintes  enregistrdes  (voir  figure  13) 
et  dans  tous  les  cas  de  vol  rencontrds  le  niveau  de  contraintes  est  nettement  infdrieur  A  Is  limita¬ 
tion  correspondant  A  la  durds  de  vie  infinie. 

De  ce  fait  on  peut  dliminer  les  essais  de  fatigue  effectuds  sur  les  peiles  prelevees  en  cours  de 
production  Sdrie,  tout  en  garantissant  une  durde  de  vie  theonque  infinie,  contrairement  au  cas  des 
pales  d'un  rotor  arriAre  classique. 

Les  efforts  de  ccomande  ddpendent  de  la  ddfinition  georaetrique  et  massique  de  la  pede  et  de  sa  position 
en  cord*  par  rapport  au  moyeu,  ainsi  que  des  moments  de  frottement  engendrds  par  le  palier  auto- 
lubrifiant  dans  loquel  la  pale  erst  encastrde. 

Au  cours  de  I'dtude,  1 ' adaptation  a  dtd  faite  de  fa?on  A  ce  que  les  efforts  de  commando  soient  faibles 
en  vol  de  croisiere.  Par  contre  en  vol  stationnaire  il  s'ensuit  iue  les  efforts  de  commande  sont  rela- 
tivement  eleves  et  c'est  la  raison  pour  laquelle  une  petite  servo-commande  hydraulique  simple  corps 
a  dtd  montee  sur  la  bolte  arrifere.  En  cas  de  panne  hydraulique,  les  efforts  sont  done  nuls  en  croisiere 
et  ne  devienrvent  plus  eleves  qu'en  vol  stationnaire  (environ  30  kg  au  pied)  ce  qui  est  admissible 
compte  tenu  de  la  faible  duree  de  vol  necessaire  dans  cette  configuration  pour  se  poser. 
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COHPARAISON  FENSSTRON  HOTOR  ARRIKRE  AU  PC  .Iff  OH  VUK  BRUIT  : 


Des  «88ai3  comparatifa  out  dtd  effectuds  aur  dea  apparaila  an  sol,  antra  un  rotor  arrikre  claaaique 
et  un  Fdneatron.  Dana  lea  deux  caa,  lea  pale a  du  rotor  principal  avnient  dtd  enlevdes.  Le  microphone 
etait  deplacd  aur  le  aol  a  hauteur  du  centre  du  rotor  arrikre  et  lea  me  sure  a  ont  dtd  effeotudes  pour 
lea  points  indiquea  aur  la  Figure  14. 

Le  Fdneatron  ae  caractdrise  essential lement  par  deux  raiea  k  1300  Her,’,  et  2500  Hera  corrc-apondant  aux 
havmoniquea  1  et  2  du  bruit  rotationnel.  La  directivitd  du  bruit  eat  aaximn.e  au  voisinage  de  l'axe  k 
45°  par  rapport  k  l’axe  rotor. 

11  ae  diffdrencie  done  nattement  du  rotor  arrikre  claaaique  qui  toumant  plus  lentement,  dmet  un 
spectre  de  raise  plus  riche  en  harmoniquee.  Pour  le  rotor  arrikre  claaaique  dont  la  frequence  fondaraen- 
tale  du  bruit  rotationnel  eat  68  Herz,  on  a  mis  netteaent  en  dvi  dance  lea  7  premikrea  raiea,  ainai 
qu'un  bruit  k  large  bands  qui  apporto  ure  contribution  notable  k  trka  baace  frequence  (160  Hz). 

L' attenuation  du  bruit  avec  la  distance  eat  plus  importante  dans  le  caa  du  Fdnestron  (12  PNdB  entre 
25  m  et  50  m)  contra  6  PNdB  pour  le  rotor  arrikre  claaaique.  Done  bien  que  le  niveau  perqu  dans  le  caa 
du  Fdnestron  k  faible  distance  soit  plus  important,  coapte  tenu  de  1' attenuation  plus  grande  aveo  la 
distance,  lea  niveaux  per? us  aont  du  mftme  ordre  de  grandeur  k  50  m,  et  k  grande  distance  le  Fdneatron 
possede  un  niveau  aonore  inferieur. 

Par  ailleura,  en  vol  de  croisikre,  bien  qu'aucuna  meaure  n'ait  dtd  effectuee,  on  p“ut  estimer  que  le 
Feneatron  dtant  pratiqueuent  ddchargd  par  la  ddriva,  ne  sera  paa  aouaia  k  dea  phdnomknea  de  compressi¬ 
bility  comma  un  rotor  arrikre  claaaique  et  aura  par  consequent  un  niveau  de  bruit  plus  faible  k  grande 
vi  tease. 


SEGURITE  -  VULNERABILITS  | 


La  solution  rotor  da  queue  cardnde  presents  un  progrka  trka  net  dans  le  domains  de  la  sdcuritd  au  aol 
et  en  vol. 

Le  fait  que  le  rotor  arrikre  aoit  plus  petit,  et  inclua  dans  un  tunnel  da  protection,  avec  une  bonne 
materialisation  en  rotation,  exolut  pratiquement  1* accident  pour  le  personnel  au  aol.  En  caa 
d'atterriaeage  brutal,  trop  cabrd,  le  Feneatron  eat  k  l'abri  de  deteriorations  conadcutivea  au  contact 
avec  le  sol.  En  vol  en  caa  d'incident  concemant  la  tranamiaaion  arrikre  ou  le  rotor  de  queue  lui-mlme 
il  eat  possible  de  continuer  le  vol  avec  un  ldger  ddrapage  k  la  vi tease  de  croisikre  jusqu'k  la 
destination  prdvue  puisque  le  plua  groaae  partie  de  l'anticouple  eat  fournie  par  la  ddriva  et  de  ae 
poser  alors  bien  aQi  en  autorotation.  Lana  dea  conditions  dquivalentss un  appareil  k  rotor  de  queue 
claaaique  aerait  obligd  de  ae  poser  imaddiatement  en  autorotation  et  l'on  congoit  l'avuntage  au  point 
de  vue  sdouritd  qu'offre  la  solution  Fdneatron  pour  l'utiliaateur  civil  ou  militaire. 

La  vulnerability  du  rotor  oardnd  peut  a 'analyser  en  coneiddrant  : 

-  lea  possibility  de  contact  avec  dea  objeta  4 tr angers 

-  lea  probability  d'impact  de  bailee  ou  d'dclata  d'obua  tirde  par  l'ennemi 

En  ce  qui  concerns  lea  possibilitds  de  contact  aveo  lea  corps  dtrangars,  la  Fdneatron  eat  bien  protdgd 
par  son  cardnage  contra  lea  obstacles  fixes  que  oe  aoit  branche  d'arbre,  buiaaons  ou  pierrss  dmargaant 
du  sol. 

Oe  plus  en  vol  atationnaire ,  il  par  ait  trka  improbable  qua  lea  cailloux  ou  graviara  aoulevda  par  le 
souffle  rotor  principal,  et  mime  ass  morceaux  de  glace  as  ddtaohant  du  rotor  principal  en  ataosphkre 
givrante  puissant  pdndtrer  dans  le  tunnel  sprfca  un  change  ms  nt  de  direction  k  90°  que  leur  interdit 
pratiquement  leur  aeule  inertia.  En  vol  d'avancament  le  risque  d'ingestion  d'objeta  dtrangera  eat  encore 
plus  minima  puisque  le  flux  d'air  traveraant  le  Fdneatron  eat  pratiquement  nul. 

En  ce  qui  concerns  la  vulndrabilitd  aux  bailee  tirdea  dans  l'axe  du  rotor  oerdnd,  on  ddmontre  facilement 
que  lea  risquea  d'impact  aont  proportionnela  k  la  surfaoe  vulndrable  ddfinie  come  la  some  da  la  surface 
ryile  des  pales  et  de  la  surface  balayy  par  lea  pales  pendant  le  temps  mis  par  le  projectile  pour  t  *a- 
veraer  le  disque  rotor. 

La  comparaiaon  avec  le  rotor  arrikre  claaaique  montre  que  le  risque  dans  le  caa  de  la  balls  de  fusil,  eat 
deux  fois  plua  faible  dans  le  caa  du  Fdneatron. 

Par  ailleura  mdme  en  caa  d'endommagement,  lea  pales  rotor  cardnd  travaillant  k  un  niveau  de  oontraintea  trka 
faible  dt&nt  de  plua  courtea  et  pleinea,  sont  aoins  suaoeptibles  de  ae  rompre  en  fatigue  que  dea  palea 
de  rotor  arrikre  claaaique.  Dea  easais  en  vol  ont  montrd  qu'on  pouvait  toldrer  un  balourd  important  aur 
1 'ensemble  a  ana  que  le  niveau  vibratoire  ne  ae  ddtdrcore  trop  et  que  l'ensemble  arrikre  ne  aoit  endom- 
magd.  Done  une  ddtdrioration  du  rotor  quoique  improbable,  avec  dea  consdquencea  aoins  graves  que  dans 
le  cae  du  rotor  arrikre  claaaique. 
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La  maintenance  de  l'eneemble  arridre  d'un  appareil  4quipe  de  la  solution  Fdnestron  est  nettement  plus 

faible  qua  celle  d'un  appareil  a  rotor  de  queue  clasoique,  de  par  la  simplification  technologique 

rdalisde  : 

1°)  La  reduction  &  des  valeurs  tres  faibles  de  la  puissance  abrorbde  par  le  rotor  en  translation, 

dd charge  presque  complbtement  la  bolte  et  l'arbre  de  transmission  arrifere,  ce  qui  permet  d'augraen- 
ter  forteaent  leur  T.B.C 

2°)  La  faible  poussde  fournie  en  translation  par  le  rotor  lui-mdme  et  ses  coiid.1  tions  de  fonctionnement 
sont  telles  qua  les  pales  et  les  elements  de  commands  ns  subissent  que  des  contraintes  de  fatigue 
trbs  faibles,  ce  qui  leur  confert  des  duress  de  vie  infinies. 

3°)  La  suppression  des  articulations  de  battement  pour  les  pales  et  1 'utilisation  de  p&liers  autolubri- 
f’ants  pour  le  pas,  dlimineni  les  travaux  d'entretien  rotor 

4°)  La  vulnerability  rdduite  du  rotor  dans  un  environnement  operationnel  dimin'*  la  necessity  des  inter¬ 
ventions  pour  echanges  ou  verifications 

5°)  Les  operations  de  ddmontage  et  remontage  elles-mSmes  sont  grandement  simplifides  et  ne  ndcessitent 
pratiqusment  aucun  rdglage  de  la  part  de  1'utilisateur. 


CONCLUSION  s 


La  solution  rotor  anticouple  cardne  type  "Fdnestron'’  presents  done  un  progrds  important  dans  le  domains 
de  la  odcurite  et  de  la  maintenance .  3a  miae  au  point  n'a  pas  posd  de  problems  particuliers.  Cette 
solution  a  donnd  satisfaction  au  point  de  vue  performances  et  qualitds  de  vol  dans  )e  domains  de  vol 
explore  par  le  SA  341  Sessile.  II  rests  maintenant  k  en  determiner  les  limites  d'utilisation  pour  les 
vitesses  plus  importantes  qu'atteindront  dans  un  proche  avenir  les  combines  ou  convertibles  k 
voilures  tournantes. 
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SUMMARY 


The  development  of  the  ABC  rotor  is  traced  from  conception  through  small  scale 
model  wind  tunnel  testing,  full  scale  analysis,  design,  fabrication  and  ultimate  wind 
tunnel  testing  of  a  40  ft  diameter  rotor  in  the  NASA-AME3  40  ft  x  80  ft  wind  tunnel. 

In  particular,  the  principal  design  tradeoffs  resulting  from  the  early  analyses 
and  testing  are  discussed  along  with  their  expected  impact  on  the  full  scale  rotor  charac¬ 
teristics.  Materials  and  manufacturing  methods  employed  are  covered  Including  the  more 
important  difficulties  that  were  surmounted  during  the  nearly  five  years  of  development. 

Finally,  the  major  test  programs  are  outlined  including  blade  balancing,  turbine 
test  bed  operation  and  full  scale  wind  tunnel  testing  in  the  40  ft  x  80  ft  NASA-AMES 
facility  up  to  speeds  of  180  knots  and  advance  ratios  of  .91.  Significant  results  of 
these  tests  are  presented,  and  applications  to  aircraft  systems  discussed. 


Some  35  years  ago  Olauert  proposed  a  helicopter  rotor  system  that  precluded  re¬ 
treating  blade  stall  without  increasing  rotor  speed  and  thereby  the  advancing  blade  tip 
Mach  number  and  producing  higher  compressibility  power  losses.  The  system  operates  by 
allowing  the  advancing  blade  to  produce  more  lift  than  the  retreating  blade.  Thi3  is  ac¬ 
complished  in  a  natural  fashion  since  the  advancing  blade  always  "feels"  a  higher  dynamic 
pressure  than  the  retreating  blade  because  of  its  higher  airspeed  (see  Figure  1).  As  em¬ 
bodied  in  Sikorsky's  Advancing  Blade  Concept  (ABC),  the  unbalanced  aerodynamic  moment 
thus  produced  can  be  reacted  by  another  rotor  turning  in  the  opposite  direction  or  by  an 
asymmetrical,  fixed  aerodynamic  surface.  The  coaxial  ABC  rotor  configuration  wa3  chosen 
to  avoid  the  load  sharing  problems  associated  with  combining  fixed  and  rotating  lifting 
surfaces  while  simultaneously  minimizing  the  high  load  path  generated  by  the  large  lift 
moments  of  each  rotor.  Control  of  such  a  rotor  is  achieved  as  in  other  conventional  co¬ 
axial  systems  by  simultaneous  cyclic  pitch  variation  of  both  rotors  about  orthogonal  axe3. 
In  addition,  optimization  of  performance,  rotor  moments,  stresses  and  vibration  is  easily 
effected  by  use  of  differential  cyclic  and  collective  pitch  in  the  form  of  either  separ¬ 
ate  trim  controls  or  integrated  coupling  with  the  standard  flight  controls.  The  basic 
aerodynamic  and  control  principles  are  described  in  detail  in  References  1  and  2. 

At  the  outset  it  was  recognized  that  the  design  process  is  an  Iterative  one  in¬ 
volving,  amongst  other  things,  elements  of  geometry,  mathematical  analysis,  manufacturing 
constraints  and  test  results,  all  based  on  specifications  or  design  criteria  that  in  them¬ 
selves  frequently  derive  from  subjective  marketing  goals  as  well  as  considerations  of  tech¬ 
nical  feasibility.  As  a  design  goal  which  appeared  achievable,  a  rotor  system  for  a  hypo¬ 
thetical  aircraft  of  14,500  lb  gross  weight  with  a  maximum  level  flight  speed  of  230  knots 
was  chosen.  Such  a  machine  (Figure  2)  would  have  a  wide  range  of  roles  and  missions  in 
both  military  and  commercial  service.  Moreover  full  scale  testing  of  a  rotor  system  of 
this  size  would  eliminate  the  doubts  and  risks  often  associated  with  theoretical  predic¬ 
tions  and  extrapolation  of  small  scale  test  data.  Based  on  OGE  hovering  considerations 
alone,  a  rotor  diameter  of  40  ft  was  established.  It  is  worthwhile  to  note  that  ABC  rotor 
diameters  are  not  dictated  by  forward  flight  considerations  as  with  conventional  rotors 
where  retreating  blade  stall  enters  the  picture.  Other  factors  which  would  constrain  ABC 
rotor  diameters  are  disc  loading  and  autorotative  landing  characteristics  in  the  case  of 
single  engine  machines. 

Initial  structural  investigations  showed  that  a  relatively  thick  root  end  would 
be  required  even  with  the  use  of  such  materials  as  titanium  and  advanced  fiberglass.  A 
closed  solution  with  an  estimated  blade  weight  of  260  lb  was  reached  after  18  iterations 
(the  actual  blade  weight  turned  out  to  be  256  lb).  During  the  course  of  tnls  early  design 
effort  a  set  of  model  blades  4  feet  in  diameter  (1/10  scale)  was  constructed  for  subscale 
tests  in  the  UARL  4  ft  x  6  ft  subsonic  pilot  wind  tunnel.  Tlie  blades  were  geometrically 
similar  except  for  twist  and  were  dynamically  similar  in  that  the  ratio  of  the  first  flat¬ 
wise  cantilever  bending  frequency  to  rotational  frequency  was  approximately  equal  to  that 
of  the  full  scale  design.  Coaxial  hover  performance  tests  were  also  conducted  with  this 
model  rotor  (Figure  3).  The  results,  presented  in  detail  in  Reference  2,  were  very  en¬ 
couraging.  At  this  point  a  Corporate  decision  was  made  to  construct  the  40  ft  diameter 
design  for  testing  in  the  40  ft  x  80  ft  NASA-AMES  wind  tunnel  up  to  speeds  of  190  knots  and 
advance  ratios  of  1,25.  Management  placed  a  second  major  constraint  on  the  design,  viz. 
that  the  blades,  and  preferably  also  the  rotor  hub/shaft,  would  have  to  be  man-carrying, 
i.e.  they  should  have  a  reasonable  fatigue  life  (  1000  hr)  and  incorporate  such  standard 
•Published  with  permission  of  the  American  Helicopter  Society 


Sikorsky  safety  and  convenience  items  as  the  pressurized  Blade  Spar  Monitoring  System 
(BIMinjl  and  pre -tracked  blades.  Additionally,  it  ms  required  that  the  rotor  system 
weight  fraction  be  at  least  as  good  as  current  state-of-the-art  helicopters  and  compound 
aircraft.  Use  of  tooling  and  manufacturing  methods  consistent  with  quantity  production 
was  also  to  be  considered  wherever  possible.  To  achieve  these  end3  required  some  4-1/2 
years  and  $7>5M  of  corporate  funding.  A  contract  was  negotiated  with  USAAVLABS  for 
$230,000  and  the  use  of  the  NASA-AMES  facility. 

ROTOR  BLADE  DESION 

Loads  for  the  ABC  rotor  were  determined  by  utilizing  a  digital  computer  pro¬ 
gram  to  determine  the  aeroelastic  response  of  flexible  rotor  system  components  based  on 
the  normal  modes  technique. 

The  equations  of  motion  were  arrived  at  by  consideration  of  equilibrium  of 
aerodynamic,  dynamic  and  elastic  moments  a tvi  forces  acting  at  discrete  radial  blade  sta¬ 
tions.  The  resulting  moment  and  force  equilibrium  equations  were  differentiated  to  ex¬ 
press  them  in  terms  of  local  blade  loadings,  and  the  blade  displacements  were  expanded 
in  terms  of  the  appropriate  uncoupled  blade  vibratory  modes.  Structural  and  centrifugal 
stiffness  terms  were  replaced  by  equivalent  uncoupled  modal  natural  frequency  expressions. 
Blade  deflections  were  then  expressed  as  finite  series  summations  of  uncoupled  normal  vi¬ 
bratory  modes,  and  a  closed  loop  iteration  of  modal  amplitude  was  performed  by  the  digital 
computer  to  obtain  a  convergent  aeroelastic  response  steady  state  solution. 

Blade  section  aerodynamic  forces  and  moments  were  based  on  quasi -steady -state 
aerodynamic  theory.  To  account  for  effects  of  stall,  compressibility,  Reynolds  Number, 
reverse  flow  and  airfoil  section,  no  small  angle  assumptions  were  made  regarding  the  mag¬ 
nitude  of  either  the  blade  section  angle  of  attack  or  the  inflow  angle,  and  the  computer 
program  was  provided  with  the  appropriate  two-dimensional  airfoil  data  (cL ,  CD,  CM  versus 
angle  of  attack  for  various  Mach  and  Reynolds  Numbers)  necessary  to  evaluate  the  aerody¬ 
namic  forcing  functions. 

The  final  design  was  the  result  of  over  21  iterations,  beginning  with  a  complete 
fiberglass  blade  and  ending  with  a  blade  having  a  monolithic  titanium  spar,  fiberglass 
skin  and  a  sealed  honecomb  trailing  edge. 

At  the  outset  a  blade  made  completely  of  fiberglass  was  investigated;  however, 
the  transition  from  fiberglass  to  metal  at  the  root  erd  attachment  proved  to  be  both 
heavy  and  not  too  amenabii  to  analysis.  In  addition  .ne  blade  deflections  resulting  from 
the  very  low  elastic  modulus  required  what  were  considered  excessive  amounts  of  inter¬ 
rotor  separation.  To  quantify  the  critical  derivatives,  it  was  necessary  to  perform  some 
design  studies  on  the  hub/shaft. 

HUB/SHAFT  WEIOHT  AND  DRAG  DERIVATIVES 

Results  of  these  studies  indicated  the  weight  derivative  for  this  item  to  be 
about  70  lb/ft  for  titanium.  Drag  tests  on  a  1/2  scale  model  at  super  critical  Reynolds 
Numbers  in  the  UARL  pilot  wind  tunnel  indicated  an  equivalent  parasite  drag  area  of  .3  ft2/ 
ft  of  shaft  length. 

INTERROTOR  SPACING  OPTIMIZATION 

To  optimize  rotor  spacing,  several  other  factors  were  considered.  It  was  im¬ 
possible,  for  example,  to  have  a  spacing  of  less  than  22n  at  the  rotor  shaft  centerline 
because  of  the  kinematic  constraints  of  the  blade  pitch  controls;  therefore  this  automatic¬ 
ally  became  the  minimum  boundary.  B.  ■  jd  on  the  aircraft  design  criteria  of  14,300  lb 
gross  weight  and  a  Vmax  of  230  knots,  it  was  determined  that  blade  tip  contact  would  oc¬ 
cur  with  an  Interrotor  tip  spacing  of  42".  The  calculations  involved  considered  some 
vertical  load  factor  capablllt”  and  angular  rate  generation  which  produces  gyroscopic  blade 
deflections.  These  latter  effects  were  minimized  by  mechanically  phasing  the  cyclic  pitch 
control  inputs  in  accordance  with  relationships  discussed  in  References  2  and  3.  Proper 
phasing  of  these  Inputs  results  in  cancellation  of  approximately  70%  of  the  blade  deflec¬ 
tion  due  to  gyroscopic  coupling.  This  is  graphically  illustrated  in  Figure  4. 

Based  on  this  information,  an  arbitrary  10"  was  added  to  the  42"  to  allow  for 
uncertainties  in  the  analyses,  thus  bringing  the  interrotor  tip  spacing  to  52".  In  addi¬ 
tion,  it  was  decided  to  design  frangible  tips  for  the  upper  rotor  to  ensure  that  failure 
would  occur  on  all  three  blades  of  one  rotor  only,  thus  precluding  a  mass  unbalance  in  the 
unlikely  event  of  an  unforseen  system  instability  resulting  in  contact  of  the  two  rotors. 

Finally,  in  view  of  hub/shaft  weight  and  drag  considerations,  a  compromise  was 
made  with  regard  to  the  precone  angle.  At  the  design  gross  weight  of  14,500  lb,  a  precone 
angle  of  +2.5*  yields  the  minimum  3teady  flatwise  bending  stresses,  stress  and  flutter 
calculations  showed  the  upper  rotor  could  be  ov^rconed  2.5*  to  a  +5*  precone  angle,  and 
the  lower  rotor  underconed  the  same  amount  for  a  zero  degree  precone  angle.  This  reaultel 
In  a  30"  interrotor  spacing  at  the  3haft  centerline  for  the  52"  tip  separation. 

FLUTTER  STABILITY 

A  flutter  analysis  of  the  ABC  rotor  blades  indicated  that  the  blades  would  be 
free  from  flutter  for  all  test  conditions  scheduled  for  the  AMES  Wind  Tunnel  test  pro¬ 
gram.  The  most  critical  condition  fer  flutter  was  the  190  knot  condition  at  352  RPM 
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which  is  two  RPM  above  the  maximum  continuous  value  This  condition  represents  the  maxi¬ 
mum  advancing  blade  tip  Mach  Number.  The  normal  rotor  speed  is  310  RPM.  For  the 
measured  control  system  stiffness,  the  upper  rotor  was  calculated  to  be  nearer  to  the  sta¬ 
bility  boundary  at  the  190  knot,  332  RPM  condition.  Because  of  the  conservatism  of  the 
analysis,  however,  complete  stability  was  indicated  for  the  wind  tunnel  test  program. 

The  upper  rotor  blades  are  more  critical  from  the  standpoint  of  classical  flut¬ 
ter  since  they  are  set  at  a  positive  precone  angle  of  five  degrees  in  addition  to  having 
a  mass  axis  that  is  aft  of  the  shear  center  loc  .s  which  lies  approximately  at  the  quarter 

chord.  The  mass  axl3  run3  close  to  the  30<t  chord  line  at  the  outer  end  of  the  blade.  It 

was  this  unbalance  that  could  have  produced  s  susceptibility  to  flutter.  The  flutter 
analysis  used  to  evaluate  the  rotor  was  developed  under  U.S.  Army  funds  and  is  fully  des¬ 
cribed  in  Reference  4.  For  the  ABC  rotor,  the  mathematical  model  included  only  the  iner¬ 
tia  of  the  outer  1/3  of  the  blade.  However  the  mode  shapes  used  were  those  computed  for 
the  entire  blade.  Initially,  the  stability  of  a  single  blade  was  examined,  the  structur¬ 
al  and  aerodynamic  Influence  of  other  blades  being  neglected.  The  aerodynamic  forces 
acting  on  the  blade  were  calculated  as  noted  earlier  in  this  paper  with  the  additional 
assumption  that  the  airflow  over  the  blade  at  w  -  90®  exists  for  all  time.  Thus  the  sta¬ 
bility  of  the  blade  was  examined  at  w  «  90*  only,  wnich  is  considered  to  be  the  most 

critical  azimuth  position  with  regard  to  flutter  of  the  ABC  blades.  Deflection  of  the 
blade  was  represented  by  the  first  three  flatwise  modes  together  with  the  first  torsion 
mode.  The  inertia  of  the  inner  2/3  of  the  blade  was  omitted,  as  the  flutter  calculations 
overestimate  the  stabilizing  effect  of  the  Inboard  portion  of  the  blade.  Examining  the 
stability  of  the  outboard  1/3  of  the  blade  at  «•  90*  was  considered  to  make  the  method 
of  analysis  very  conservative.  For  a  significant  flutter  response,  the  blade  would  have 
to  exceed  the  flutter  speed  over  a  substantial  portion  of  lt3  azimuth  travel,  not  just 
at  the  <k  m  90*  position  where  the  tip  Mach  No.  reaches  its  maximum  value.  Therefore  the 
calculated  flutter  margin  for  the  ABC  rotor  blade  at  w  a  90*  adequately  ensures  complete 
freedom  from  tnis  form  of  Instability.  Moreover,  the  high  blade  torsional  stiffne33 
(first  mode  -  27/rev)  precludes  torsional  divergence.  Although  advance  ratios  during  the 
subsequent  full  scale  testing  in  the  NASA-AMES  facility  did  not  exceed  .91>  the  analysis 
was  carried  through  to  show  stability  beyond  an  advance  ratio  of  2.8. 

SPAR  MATERIAL  SELECTION 

To  minimize  deflections,  a  higher  modulus  material  was  required.  As  Figure  3 
shows,  there  is  little  choice  among  the  three  state-of-the-art  materials  (steel, 
aluminum,  and  titanium)  from  the  standpoint  of  specific  stiffness.  However  titanium  does 
have  a  strength  to  weight  advantage  as  illustrated  in  Figure  6.  To  maximize  this  advan¬ 
tage,  the  next  major  design  iteration  employed  a  nest  of  adhesively  bonded  titanium  sheets 
for  the  spar,  since  sheet  stock  has  higher  allowable  stresses  than  large  forged  material. 
The  principal  problems  with  this  design  were  the  dimensional  accuracies  required  for 
proper  nesting,  and  lack  of  good  NDT  (Non-Destructive  Test)  methods  for  determining  the 
bond  quality. 

Concurrent  with  the  preceding  developments,  a  number  of  exotic  methods  of  pro¬ 
ducing  large,  closed  titanium  sections  were  investigated.  These  included  various 
types  of  roll  forming,  both  hot  and  cold,  as  well  as  diffusion  bonding  and  electron  beam 
welding  of  open  sections.  The  large  reduction  in  allowable  vibratory  stresses  in  the 
weld  zones,  plus  rather  expensive  tooling,  precluded  the  latter  approach.  The  cold  form¬ 
ing  methods  available  at  the  time  were  also  quite  expensive;  moreover  the  tendency  of  ti¬ 
tanium  to  gall  severely  when  worked  cold  eliminated  these  techniques  also.  Recent  techni¬ 
cal  developments,  however,  make  this  method  deserving  of  review  for  future  applications. 

A  hot,  roll  forming  process  was  then  selected  and  the  next  year-and-a-half  spent  in  at¬ 
tempting  to  develop  this  method.  Unfortunately,  the  concept  appeared  to  be  too  far  ahead 
of  the  state  of  the  titanium  metalworking  art,  particularly  with  regard  to  maintenance 
of  dimensional  tolerances. 

During  the  time  when  the  hot  forming  processes  were  under  development,  a  paral¬ 
lel  investigation  of  advanced  composite  application  was  undertaken  with  the  General 
Dynamics  Corporation  of  Fort  Worth,  Texas.  As  Implied  in  Figures  3  and  6,  the  payoff  in 
terms  of  weight  alone  might  significantly  offset  the  higher  initial  cost  of  these  materi¬ 
als.  This  i3  especially  true  in  the  case  of  rigid  rotors  as  compared  to  articulates  ro¬ 
tors  where  a  minimum  centrifugal  force  must  be  maintained  to  limit  the  coning  angle.  A 
boron  flber/epoxy  resin  system  was  used  to  fabricate  some  typical  sections,  one  of  which 
is  illustrated  in  Figure  7.  structural  tests  of  several  specimens  showed  great  promise; 
however,  the  root  end  attachment  problem  did  not  appear  soluble  within  the  established 
budget  and  schedule,  and  satisfactory  NDT  techniques  were  lacking.  After  spending  con¬ 
siderable  effort  on  the  foregoing  processes  with  relatively  little  success,  it  was  decid¬ 
ed  to  produce  a  spar  tube  by  conventional  machining  methods  and  impart  the  sectional  shape 
and  twist  requirements  in  a  single  hot  creep  forming  operation.  At  this  point  in  ti  le, 
advanced  forging  techniques  had  been  developed  which  produced  enough  anisotropy  in  the 
titanium  material  to  yield  relatively  high  fatigue  strength  in  large  monolithic  struc¬ 
tures.  Figure  8  I3  an  exaggerated  longitudinal  section  of  the  spar  tube  before  creep 
forming.  The  reverse  taper  near  the  root  end  was  a  means  of  reducing  weight.  Of  special 
interest  is  the  variation  in  wall  thickness  with  radius,  the  maximum  being  over  .1.66" 
near  the  root  with  the  minimum  of  .075"  (warring  at  the  tip.  From  the  military  view¬ 
point  this  provides  distinct  vulnerabilltj  advantages.  At  the  root  end  where  moments  and 
stresses  are  highest,  the  section  Is  thickest.  Moreover  the  spar  remains  circular  for  the 
first  three  feet  from  the  center  of  rotation,  thus  presenting  obliquity  to  a  large  per¬ 
centage  of  hits.  In  the  outboard  region  where  stresses  are  relatively  low,  the  spar  may 
be  holed  without  any  great  concern.  In  fact  a  large  number  of  holes  already  exist  to 


provide  for  tuning  weight  retention.  Figure  9  shows  a  finished  spar  after  creep  form¬ 
ing. 

BLADE  SKIN  DESIGN 

Having  chosen  6*1-Uv  titanium  as  the  principal  bending  load  carrying  member  to 
minimize  weight  and  deflection,  the  choice  of  a  skin  was  based  primarily  on  the  require¬ 
ment  for  maximizing  torsional  fatigue  strength  and  rigidity,  particularly  in  the  outboard 
region  where  the  classical  flutter  boundary  is  sensitive  so  the  local  torsional  stiffness. 

I'iberglass  appeared  to  have  the  desired  characteristics  to  achieve  these  ends. 

In  particular,  1002s  glass  was  selected  over  the  more  common  1002E  material  because  it  has 
both  a  15jt  higher  stiffness  and  fatigue  strength.  Thr  cloth  was  delivered  as  prepreg  and 
laid  up  to  a  thickness  of  .060"  on  a  male  mandrel  with  all  the  fibers  oriented  at  45*  to 
the  feathering  axis,  thus  maximizing  the  torsional  strength  and  rigidity. 

FINAL  BLADE  DESIGN 

A  complete  blade  assembly  before  painting  is  shown  in  Pigure  10.  The  principal 
elements  are  illustrated  in  Figure  11  at  station  60  (5  ft  out  from  the  center  of  rotation) 
and  station  216  (2  ft  in  from  the  blade  tip).  The  titanium  spar,  s-glass  skin,  honeycomb 
aft  section  and  foam  filler  are  clearly  seen.  The  vertical  member  Just  aft  of  the  spar 
transfers  the  shear  loads  developed  in  the  aft  section  to  the  spar.  The  moment  developed 
by  these  loads  is  reacted  as  a  couple  in  the  skin.  The  four  cavities  in  the  foam  spaced 
around  the  spar  3erve  as  vent  corridors  to  permit  rapid  escape  of  the  dry  nitrogen  gas 
used  to  pressurize  the  spar  in  the  BIM  ^  crack  detection  system,  some  concern  was  expres¬ 
sed  with  regard  to  the  rate  at  which  gair  would  escape  with  the  spar  surrounded  by  the  foam 
and  a  relatively  impermeable  and  extensive  skin  to  spar  bond  area. 

Blade  tuning  was  accomplished  by  installation  of  relatively  small  tip  weights. 
Southwell  plots  of  a  representative  blade  are  shown  in  Figure  12.  As  mentioned  earlier, 
the  chordwlse  blade  eg  was  located  at  30jf  mac;  this  required  no  special  counterweights. 
Spanwise  static  balance  wa3  accomplished  on  the  upper  rotor  by  the  addition  of  lead  shot 
suspended  in  a  copolymer  compound  and  on  the  lower  rotor  by  removal  of  small  amounts  of 
material  from  the  tuning  weights.  It  is  significant  to  note  that  there  wa3  only  a  1-1/2 
lb  total  spread  in  weight  among  the  eight  final  blades  fabricated  with  a  nominal  weight 
of  2p6  lb  per  blade. 

Dynamic  balance  of  the  rotor  blades  was  performed  on  the  3,000  HP  blade  balance 
stand  in  Stratford.  Figure  13  shows  the  upper  rotor  installed  on  this  facility.  The 
slope  of  the  pitching  moment  vs.  angle  of  attack  function  was  determined  during  rotation, 
and  the  slopes  of  all  three  blades  on  each  rotor  made  coincident  by  rearranging  a  number 
of  chordwlse  counterweights  located  at  the  root  end  inside  the  fairing  cap.  The  zero 
moment  intercept  of  each  blade  was  adjusted  by  bending  the  outboard  trim  tab  to  shift  the 
curve.  Later  developments  in  the  program  gave  Indication  that  these  operations  may  not 
be  necessary  in  very  rigid  rotors. 

The  third  major  operation  conducted  on  the  balance  stand  was  blade  tracking. 

At  this  point  it  is  worthwhile  to  note  that  all  balancing  and  tracking  operations  were 
performed  with  an  articulated  head  on  the  balance  stand.  This  has  no  significance  for 
the  propeller  moment  and  aerodynamic  moment  balance  since  these  moments  act  about  the 
feathering  bearings.  However,  it  was  felt  that  the  high  flatwise  stiffness  of  the  blade 
system  when  installed  on  the  rigid  hub/shaft  would  limit  blade  deflections  to  values 
around  the  thresnold  of  the  electronic  blade  tracker  for  unbalanced  lift  forces  that 
could  produce  significant  t  »  per  rev  vibratory  airframe  responses.  A  constant  track 
variation  with  blade  angle  would  have  required  only  a  simple  blade  push  rod  adjustment 
as  is  normally  done  on  all  Sikorsky  pre-tracked  production  blades,  and  the  blade  sten¬ 
ciled  accordingly.  However,  even  a  linear  track  variation  with  blade  angle  would  have 
posed  some  serious  proolems.  As  it  turned  out,  the  total  non-constant  out-of-track  was 
only  9/16"  maximum  for  a  thrust  per  rotor  variation  from  zero  to  11,000  lb.  These  ex¬ 
cellent  results  were  attributed  to  the  very  close  tolerances  and  high  degree  of  repeat¬ 
ability  achieved  with  the  U3e  of  hard  tooling  throughout  the  major  sub  and  final  assembly 
operations.  A3  a  result  of  these  efforts  there  was  no  evidence  of  any  one  per  rev  vibra¬ 
tion  throughout  the  subsequent  test  program. 

TEST  PROGRAMS 

Throughout  the  4-1/2  year  program  a  large  variety  of  tests  were  run  to  deter¬ 
mine  such  things  as  materials  properties  and  processing  requirements,  environmental 
characteristics,  and  ballistic  resistance.  The  major  test  programs  and  their  results 
are  covered  in  the  following  sections. 

ENVIRONMENTAL  TESTS 

Rainfall,  humidity  and  altitude  cycling  tests  were  performed  in  an  environmental 
chamber  on  samples  of  the  aluminum  honeycomb-foam-flberglass  sandwich  U3ed  in  the  blade 
construction  to  ensure  that  moisture  could  not  become  entrained  in  the  blade  under  severe 
service  conditions  and  create  a  one  per  rev  unbalance  with  subsequent  separation  of  the 
honeycomb  core  from  the  skin  because  of  corrosion  of  the  aluminum. 
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BALLISTIC  RESISTANCE 

Figure  14  shows  the  exit  damage  caused  by  several  7.62  mm  ball  rounds  fired  at 
a  range  of  70  meters.  The  exit  damage  is  more  severe  than  the  entry  damage.  The  three 
holes  showing  the  least  damage  were  caused  by  rounds  entering  at  zero  obliquity.  The 
fourth  hole  which  was  created  by  a  round  entering  at  30*  to  the  blade  surface,  exhibits 
the  worst  damage.  Even  so,  the  d imaged  areas  are  relatively  restricted  and  very  little 
spall  was  created.  A  simple  foam-fiberglass-epoxy  resin  kit  was  used  to  make  the  field 
repair  shown  in  Pigure  15.  No  honeycomb  is  needed  for  the  repair  and  blade  balance  is 
not  affected  since  the  replacement  material  weights  are  sufficiently  close  to  those  of 
the  parent  substances.  As  mentioned  earlier,  spar  holes  are  difficult  to  create  near 
the  heavy  root  end,  and  of  smaller  consequence  outboard  where  working  stresses  are  low. 

In  any  case,  although  the  blade  would  have  to  be  replaced  If  the  spar  were  extensively 
damaged,  there  i3  sufficient  residual  strength  in  the  spar  after  such  damage  has  been 
incurred  to  permit  the  aircraft  to  return  to  base.  Any  opening  created  by  a  projectile  t,  - 
or  fatigue  crack  would  of  course  be  detected  by  the  BIM/e\  crack  detection  system  des-  f, 
cribed  earlier.  J 

CONTROL  SYSTEM  SPRING  CONSTANT  DETERMINATION 

In  addition  to  the  normal  control  system  proof  and  operational  tests,  it  was 
necessary  to  determine  the  spring  constant  of  each  rotor's  control  system  to  ensure  the 
absence  of  classical  flutter.  The  very  high  torsional  stiffness  of  the  blade  could  have 
been  easily  negated  by  a  30ft  control  system  spring  in  series;  control  system  slop  was 
also  held  to  a  minimum.  It  was  intended  to  allow  the  slop  to  build  up  during  the  subse¬ 
quent  test  program  to  determine  it3  effect  on  system  stability  and  response.  Results  of 
these  tests  indicated  that  both  rotors  *6uld  have  a  satisfactory  flutter  margin  through¬ 
out  the  entire  range  of  air  speeds,,  rotor  speeds  and  advance  ratios  to  be  tested  in  the 
wind  tunnel. 

VIBRATION  TESTS  • 

A  ground  shake  test  was  performed  on  the  ABC  rotor  system  module  to  determine 
it  i  natural  modes  of  vibration  and  the  proximity  of  each  natural  frequency  to  the  1  p 
and  3  p  rotor  frequencies.  In  addition  the  transmissibility  of  the  rotor-module  system 
was  determined. 

For  the  conduct  of  the  shake  tests,  the  rotor  blades  were  removed  and  replaced 
with  an  equivalent  weight  which  included  a  unidirectional  shaker  on  the  upper  rotor  head. 

The  module  weight  and  inertial  properties  were  similar  to  those  expected  for  the  AMES 
wind  tunnel  test.  The  tunnel  supporting  strut  stiffness  was  also  simulated.  Early  analy¬ 
ses  had  Indicated  the  possible  existence  of  a  lateral  mode  and  a  coupled  longitudinal/ 
vertical  mode.  A  passive  spring  system  was  installed  to  detune  the  lateral  mode  and  an 
active  hydraul lc/pneumctlc  servo  system  was  designed  to  isolate  the  coupled  mode. 

Both  systems  were  incorporated  in  a  single  package  at  the  tail  strut.  The  non¬ 
isolated  configuration  consisted  of  ball  joint  restraints  at  the  forward  struts  and  a 
longitudinal  pin  restraint  at  the  tall  strut;  a  CH-53A  main  rotor  brake  was  installed  in¬ 
stead  of  the  pin  at  the  conclusion  of  the  test  to  provide  a  remotely  controlled  lock/un¬ 
lock  system  for  the  active  isolator  during  the  wind  cv:nnel  testing.  The  results  of  the 
vibration  testing  are  presented  in  Figures  }.6  and  17. 

TURBINE  TEST  BED  FUNCTIONAL  TESTS 

To  demonstrate  the  structural  adequacy  of  the  entire  rotor-module  system  prior 
to  actual  full  scale  testing  in  the  40  ft  x  80  ft  AMES  wind  tunnel,  the  system  was  op¬ 
erated  throughout  the  load  ranges  anticipated  in  the  wind  tunnel  program  on  a  turbine 
test  bed  facility  illustrated  in  Figure  18.  Thrusts  up  to  22,000  lb  and  Interrotor  mo¬ 
ments  of  74,000  ft-lb  were  achieved,  although  the  high  moments  were  obtained  by  the 
fundamental  one  per  rev  cyclic  control  input  whereas  under  actual  forward  flight  condi¬ 
tions  both  fundamental  and  second  harmonic  loads  would  be  generated  by  the  asymmetric 
airloading.  The  control  console,  instrumentation  and  interrotor  tip  clearance  systems 
were  checked  during  this  portion  of  the  program.  A  total  of  37  hours  was  accumulated 
on  the  turbine  test  bed  of  which  27.5  hours  were  run  in  the  coaxial  rotor  configuration. 
Approximately  2.5  hours  were  run  above  the  rotor  r*i  line  speed  of  350  RPM  in  the  coaxial 
configuration. 

Both  rotating  and  non-rotating  rotor  stability  tests  were  performed  on  single 
and  dual  rotor  systems  to  confirm  analytical  natural  mode  frequencies  and  the  absence 
of  instabilities,  step  and  sinusoidal  (0  to  10  cps)  Inputs  were  applied  to  the  rotor 
through  the  collective  and  lateral  cyclic  control  systems  to  provide  an  indication  of 
the  rotor  system  damping  characteristics,  step  inputs  up  to  ±  1  degree  of  rotor  blade 
pitch  angle  were  used  with  various  initial  settings  of  rotor  lift  and  shaft  moment  combi¬ 
nations. 

The  step  input  excitations  resulted  in  no  noticeable  transient  responses, 
thereby  giving  an  Indication  of  good  rotor  system  damping  characteristics.  The  sinusoidal 
excitations  were  run  continuously  and  slowly  from  0  to  10  cps  during  which  time  only  minor 
amplitude  build-ups  were  observed  as  expected  when  the  forcing  frequencies  crossed  the 
blade  natural  frequencies.  The  data  from  these  tests  were  used  to  modify  a  multibladed 
normal  modes  computer  program  that  was  used  to  determine  the  rotor  response  at  the  ad¬ 
vance  ratios  anticipated  in  the  full  scale  tests  in  the  AMES  wind  tunnel. 
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At  the  conclusion  of  the  turbine  test  bed  program,  the  entire  module  assembly 
including  main  rotor  blades  was  alrshipped  to  the  NASA-AMES  facility  at  Moffett  Field, 
California. 

FULL  SCALE  WIND  TUNNEL  TESTS 

Figure  19  shows  the  complete  ABC  rotor  module  and  blades  assembled  in  the  4o  x 
80  ft  NASA-AMES  wind  tunnel.  The  shiny  metal  units  on  the  floor  house  six  separate  sens¬ 
ing  units  for  the  Chicago  Aerial  blade  trackers  that  were  located  around  the  rotor  azimuth 
at  the  six  blade  passage  points  and  which  were  modified  to  measure  rotor  separation  in¬ 
stead  of  blade  track.  Figure  20  illustrates  the  console  used  to  control  and  monitor  the 
rotor  system.  The  closed  circuit  TV  receivers  were  ised  both  as  a  visual  display  for  the 
rotor  system  during  tunnel  operation  and  as  a  back-up  rotor  spacing  monitor.  The  rotor 
separation  was  observed  by  following  the  blade  tip  path  traces  formed  on  the  TV  screen  by 
the  rotor  blade  tip  lights.  In  the  illustration  some  of  the  crew  can  be  seen  working  on 
the  rotor  head.  One  of  them  is  actually  sitting  on  a  blade.  This  was  a  routine  method 
of  inspecting  *nd  servicing  the  rotor  hub/shaft  and  instrumentation,  the  crewman  propel¬ 
ling  himself  around  the  head  by  pushing  on  the  other  rotor.  The  center  section  of  the 
console  contains  the  control  switches  and  monitors.  Included  in  this  latter  group  are 
the  individual  rotor  and  total  system  yaw,  roll  and  pitch  moment  measurements.  The  basic 
control  positions  were  measured  by  potentiometers  mounted  on  the  feathering  hinges.  The 
output  signals  were  resolved  along  the  module  axes  to  provide  direct  readout  of  total  sys¬ 
tem  longitudinal,  lateral  and  collective  control  as  well  as  indications  of  differential 
longitudinal,  lateral  and  collective  pitch,  interrotor  blade  tip  path  separation  sensed 
by  the  modified  optical  blade  trackers  was  recorded  on  the  six  vertical  meters  located  on 
the  right  hand  console.  Two  banks  of  16  vertical  reading  meters  each  were  Installed  on 
the  left  hand  console  to  indicate  the  steady  and  half  amplitude  vibratory  loads  and  stres¬ 
ses  at  the  16  most  critical  points  throughout  the  rotor  dynamic  system.  These  Included 
rotor  blade  stresses  as  well  as  rotating  and  stationary  control  loads.  These  measurements, 
in  addition  to  approximately  25  others  on  both  rotors,  were  also  permanently  recorded  on 
magnetic  tape,  several  vibration  pickups  located  on  the  rotating  portion  of  the  rotor 
head  and  the  stationary  module  were  included. 

Figure  21  is  a  map  of  the  basic  wind  tunnel  test  conditions  exclusive  of  the  ro¬ 
tor  control  variables.  These  were  varied  to  provide  both  trimmed  and  untrlmmed  total  mo¬ 
ments  and  interrotor  moments  throughout  a  range  of  rotor  thrusts  up  to  23,000  lb  at 
various  rotor  shaft  angles  representing  flight  regimes  from  forward  propulsion  through 
autorotation.  Figure  22  is  a  map  of  the  flight  ranges  tested.  Maximum  values  of  lift  and 
propulsive  force  were  limited  by  blade  stress.  The  maximum  speed  of  180  knots  and  the 
minimum  speed  of  80  knots  were  constrained  in  the  first  instance  by  installed  tunnel  fan 
power,  and  in  the  second  case  by  tunnel  choking.  The  maximum  advance  ratio  was  limited  by 
a  combination  of  blade  stress  and  vibration  caused  by  having  to  operate  the  rotor  at 
speeds  coincident  with  the  first  flatwise  and  edgewise  modes  as  well  as  a  polnclpal  mode 
of  the  wind  tunnel  drag  balance.  Operation  at  airspeeds  between  140  and  160  knots  was 
precluded  because  of  a  roughness  condition  peculiar  to  the  wind  tunnel.  It  had  been  plan¬ 
ned  to  investigate  higher  advancing  blade  tip  Mach  numbers  and  one  additional  rotor  phas¬ 
ing  configuration  (interrotor  blade  passage  at  w  .  0*  was  the  only  point  checked),  but 
wind  tunnel  schedule  limitations  prevented  further  testing. 

During  the  course  of  testing  at  the  maximum  tunnel  speed  of  180  knots,  a  major 
portion  of  the  lower  rotor  slip  ring  assembly  separated  from  the  hub/shaft.  This  section 
contained,  in  addition  to  a  great  deal  of  wire  and  cabling,  four  electrical  Junction  box¬ 
es  weighing  six  pounds  apiece.  At  least  two  of  these  boxes  struck  blades  in  each  rotor. 
Figure  23  shows  the  damage  to  the  upper  rotor  blade  at  90%  radius.  The  hole  is  approxi¬ 
mately  two  Inches  wide  and  three  inches  deep.  Figure  24  shows  the  same  damage  looking 
directly  into  the  leading  edge;  the  actual  Junction  box  that  caused  the  damage  is  shown 
underneath  but  is  turned  sideways  to  Illustrate  the  "half-moon"  dent  caused  by  the  blade 
strike.  Figure  25  is  a  photograph  of  the  lowar  rotor  blade  that  sustained  the  least 
damage.  The  Junction  box  is  shown  on  top  of  the  blade  for  comparison.  It  is  of  interest 
to  note  that  all  of  the  aerodynamic  trim  tabs  were  completely  bent  out  of  shape.  Despite 
this,  and  the  severe  damage  to  both  rotors,  when  the  Incident  occurred  there  was  no 
change  in  vibration  level  or  stresses  throughout  the  1-1/2  to  2  minutes  required  to  "land" 
the  rotor,  i.e.  shut  down  the  rotor  and  tunnel,  subsequent  examination  of  the  data  re¬ 
vealed  only  a  sharp  peak  in  edgewise  stress  at  the  moment  of  impact  followed  by  a  return 
to  the  levels  that  obtained  Just  before  impact.  Tlus  leads  to  the  possible  conclusion 
that  rotor  blades  of  sufficient  rigidity  may  not  require  aerodynamic  balancing.  Similar¬ 
ly,  propeller  moment  slopes  and  even  blade  tracking  requirements  may  also  be  eliminated. 

The  use  of  accurate,  hard  tooling  is  a  prerequisite  for  elimination  of  the  tracking  re¬ 
quirement,  since  close  dimensional  repeatability,  particularly  with  regard  to  angular 
twist,  is  paramount  in  minimizing  the  lift  slope  differences  between  blades. 

Finally,  despite  the  extensive  damage  to  both  blades,  they  are  completely  re¬ 
pairable  by  replacing  the  skin,  and  foam  and  honeycomb  filler.  Minor  damage  on  the  re¬ 
maining  blades  was  easily  repaired  with  field  kits  immediately  after  the  incident. 

WIND  TUNNEL  TEST  RESULTS 

PERFORMANCE 

The  basic  performance  characteristics  and  the  implications  of  the 
performance  resuits  are  covered  in  Reference  5.  For  the  sake  of  continuity, 
however.  Figures  26  and  27  serve  to  illustrate  the  large  Improvement  in  lift 
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capability  made  possible  by  the  more  efficient  use  of  the  advancing  blade.  Figure 
26  compares  the  results  of  an  H-34  rotor  test  conducted  earlier  in  the  AMES  wind  tunnel 
and  reported  in  Reference  6.  The  curves  are  non-dimensional  profile  drag  polars  plotted 
at  180  knots  for  optimum  shaft  angle.  In  addition,  the  ABC  rotor  data  represent  the  opti¬ 
mum  differential  lateral  cyclic  pitch,  i.e.  the  data  are  plotted  at  values  of  differential 
lateral  cyclic  pitch  that  yield  the  maximum  lift/drag  ratio  consistent  with  acceptable 
stresses.  Some  approximate  values  of  total  lift  have  been  spotted  on  each  set  of  curves. 
Two  salient  features  of  the  ABC  rotor  can  be  deduced  from  these  curves: 

1.  The  lift  of  the  ABC  rotor  at  its  best  lift/drag  ratio  is  always  at  least  twice 
that  of  the  H-34  rotor  at  its  best  lift/drag  ratio.  The  lift  for  the  beat  lift/drag  ratio 
is  found  at  the  point  of  tangency  of  a  straight  line  between  this  point  and  the  origin. 

2.  Above  the  best  L/D  point  the  conventional  H-34  rotor  efficiency  drops  rapidly 

because  of  the  onset  of  retreating  blade  stall;  stresses  and  vibration  increase  corres¬ 
pondingly  such  that  power,  stress  and  vibration  limits  are  reached  simultaneously  at 
about  13,000  lb  of  lift.  The  ABC  rotor  on  the  other  hand  demonstrates  a  continually  in¬ 
creasing  lift  capability  even  well  above  the  best  L/D  point  because  of  the  absence  of 
retreating  blade  stall.  The  maximum  lift  of  23,000  lb  was  limited  only  by  stress.  Since 
the  rotor  system  was  designed  for  an  aircraft  of  14,500  lb  gross  weight,  this  represents 
a  load  factor  of  nearly  1.6  g's. 

In  addition,  the  data  further  show  that  at  180  knots  the  ABC  rotor  can  lift 
nearly  2.5  times  as  much  as  the  conventional  H-34  rotor  for  reasonable  amounts  of  propul¬ 
sive  force,  e.g.  for  a  propulsive  force  of  1,050  lb  representing  an  equivalent  flat  plate 
of  10  ft2,  the  H-34  has  a  maximum  lifting  capability  of  7.070  lb  where  the  ABC  rotor  can 
lift  17,100  lb.  A  portion  of  this  lift  capability  can  be  traded  off  for  increased  for¬ 
ward  propulsion  thus  permitting  higher  speeds  with  the  same  aircraft,  or  the  same  speed 
with  a  larger  machine. 

Figure  27  shows  the  efficiency  of  the  ABC  rotor  tested  at  AMES  as  a  function  of 
lift  capability.  The  wind  tunnel  test  results  are  compared  to  resultB  of  flight  tests  of 
the  CH-53  helicopter;  these  data  are  plotted  at  135  knots  which  represents  the  best  L/D 
air  speed  for  both  the  CH-53  and  the  particular  ABC  rotor  tested.  The  best  L/D  speed  for 
an  ABC  rotor  can  be  varied  over  a  wide  range  by  Judicious  selection  of  airfoils  and  rotor 
blade  geometry.  The  lines  of  constant  Dp/L  represent  parasite  drag  normalized  with  re¬ 
spect  to  lift  and  are  Indicative  of  the  propulsive  capability  of  the  rotor  systems.  As 
an  example,  for  a  Dp/L  of  .072  the  lift/drag  ratio  of  each  rotor  is  approximately  equal 
to  6.8;  however,  the  ABC  rotor  has  nearly  twice  the  lifting  capacity  at  this  L/D.  More¬ 
over,  if  more  propulsive  force  is  required,  e.g.  if  Dp/L  is  increased  to  .10,  the  conven¬ 
tional  CH-53  rotor  lift  capability  falls  off  rapidly  whereas  the  ABC  rotor  lift  capabili¬ 
ty,  being  very  high  at  the  outset,  can  sustain  a  reduction  while  actually  Increasing  in 
efficiency.  The  design  gross  and  empty  weight  lift  coefficients  for  the  current  ABC  ro¬ 
tor  are  shown  on  the  graph  along  with  typical  mission  and  empty  weight  lift  coefficients 
for  the  CH-53. 

Figure  28  shows  the  theoretical  and  actual  maximum  rotor  lift  coefficient  as  a 
function  of  advance  ratio. 

Finally,  Figure  29  illustrates  the  beneficial  effect  of  reducing  tip  speed  and 
the  advancing  blade  tip  Mach  No.  for  the  actual  rotor  tested  at  AMES  at  an  aircraft  grcss 
weight  of  14,000  lb.  Again,  the  high  lift  capability  of  the  rotor  is  used  as  a  "negoti¬ 
able  security",  which  in  this  case  is  used  to  purchase  Increased  lift/drag  ratio.  The 
decreasing  l/D  with  speed  is  caused  principally  by  the  high  negative  blade  twist  (-10* 
nonlinear).  In  fact  the  AMES  test  results  indicate  that  the  -10*  is  too  negative  even 
for  the  original  design  speed  of  230  knots.  A  blade  designed  specifically  for  speeds 
above  250  knot3  world  in  all  probability  have  no  twist.  For  example,  the  present  rotor 
produces  a  download  on  the  retreating  blade  at  an  advance  ratio  of  .91,  equal  to  1/6  of 
the  total  rotor  lift.  By  eliminating  all  twist  the  L/D  ratio  could  be  Increased  by  1/3. 
The  loss  In  hovering  performance  Incurred  thereby  could  be  largely  regained  by  increasing 
tne  taper  ratio  from  the  present  2:1.  Further  Increases  in  high  speed  rotor  performance 
can  be  achieved  by  employing  stlffer  materials  such  as  carbon  fiber  composites  to  permit 
reduction  of  the  root  end  airfoil  thickness  which  is  presently  50%.  Full  scale  wind  tun¬ 
nel  tests  have  shown  that  the  use  of  double  ended,  cambered  airfoils  could  also  increase 
the  lifting  efficiency  as  much  as  50%. 

LOADS,  MOMENTS  AND  STRESSES 

Loads,  moments  and  their  resulting  stresses  were  generally  as  predicted,  i.e. 
the  fundamental  blade  stresses  are  a  direct  function  of  the  lift  offset  radius  on  the 
advancing  blade,  and  the  higher  harmonics  of  stress  that  are  generated  by  the  asymmetrical 
airloads  in  forward  flight  are  in  reasonable  agreement  with  the  results  of  the  normal 
modes  analysis.  Figures  30  and  31  illustrate,  respectively,  both  measured  and  predicted 
values  of  higher  harmonic  flatwise  and  edgewise  stresses.  In  the  areas  of  highest  stress 
the  analysis  is  conservative.  Control  loads  followed  a  similar  pattern  with  no  insta¬ 
bilities  observed.  In  this  latter  regard  it  is  worthy  of  note  that  no  structural  in¬ 
stabilities  of  any  kind  appeared  throughout  the  entire  program  including  the  .91  advance 
ratio  condition  where  it  wa3  necessary  to  operate  simultaneously  on  the  first  flatwise 
and  edgewise  modes. 

Tip  deflections,  as  might  bs  expected,  are  a  function  of  combinations  of  the 
principal  variables,  viz.  shaft  angle  (rotor  angle  of  attack)  lift  (collective  pitch), 


Interrotor  rolling  moment  (differential  cyclic  pitch)  and  advance  ratio.  The  -10*  non¬ 
linear  blade  twist  farther  complicates  the  situation.  Generally,  tip  separation  between 
rotors  is  a  minimum  at  the  best  lift/drag  ratio  where  the  difference  in  lift  between  the 
advancing  and  retreating  blades  is  a  maximum;  peak  stresses  also  occur  in  this  region. 
These  conclusions  apply  for  a  given  lift.  Maximum  load  factors  within  the  stress  limits 
were  achieved  at  off-optimum  control  settings.  Figure  32  tabulates  some  typical  values. 

STABILITY  AND  CONTROL  RESULTS 


Pigures  33  through  35  represent  the  static  stability  derivatives  of  the  40  ft 
diameter  rotor  normalized  for  an  aircraft  of  8,700  lb  gross  weight  and  a  pitching  inertie 
of  15,300  slug-ft2.  a  typical  conventional  rotor  has  been  plotted  for  comparison.  Of 
particular  interest  is  tne  relative  raope  of  M„  In  comparison  with  MAiq.  At  150  knots, 
for  example,  MAlq  approximately  3-1/2  times  the  value  of  M0.  Slnce^the  aerodynamic 
damping  is  basically  related  to  MAls  and  the  gust  sensitivity  is  a  function  of  Mo,  It  is 
anticipated  that  an  ABC  rotor  helicopter  would  be  reasonably  insensitive  to  gusts  while 
exhibiting  good  pilot  response  characteristics. 


ABC  ROTOR  APPLICATIONS 


The  ability  of  the  ABC  rotor  to  maintain  its  lift  over  a  wide  range  of  speeds 
makes  it  ideally  suited  for  high  speed  applications.  The  demonstrator  aircraft  shown  in 
Figure  2  represents  a  machine  of  14,500  lb  gross  weight  with  a  maximum  level  flight  speed 
capability  of  230  knots  at  this  weight  employing  the  40  ft  diameter  rotor  tested  at 
AMES. 


A  logical  development  of  the  ABC  rotor  is  illustrated  in  Figure  36,  which  shows 
a  90-passenger  transport  of  about  104,000  lb  gross  weight  capable  of  reaching  speeds  q> 
to  400  knots.  This  is  accomplished  by  slowing  and  eventually  stopping  the  rotor  to  keep 
the  advancing  blade  tip  Mach  Number  relatively  constant.  A  variable  speed  transmission 
is  not  required,  since  the  rotor,  which  is  essentially  autorotating  above  the  forward 
airspeed  for  minimum  required  power,  can  be  decoupled  from  the  powerplants;  the  rotor 
could  be  slowed  either  aerodynamically  or  mechanically.  Extensive  sub-scale  wind  tunhel 
tests  of  these  flight  regimes  were  conducted  at  the  United  Aircraft  Research  Laboratories 
and  are  described  in  Reference  2.  The  results  support  the  thesis  that  the  ABC  rotor  sys¬ 
tem  can  be  applied  to  high  speed  aircraft. 

A  second  interesting  application  of  this  rotor  system  in  the  lower  speed  range 
ha 3  been  proposed  to  the  u.  S.  Army  by  Sikorsky  Aircraft.  Plgure  37  shows  the  AARV 
(Aerial  Armored  Reconnaissance  Vehicle)  operating  in  a  possible  role.  For  this  mission, 
the  vehicle  employs  the  "reconnaissance  by  fire  technique"  to  determine  the  enemy  loca- 
tl- n.  Survival  in  this  hostile  environment  required  an  armored  fuselage  and  an  extremely 
invulnerable  rotor/dynamic  system.  The  former  is  achieved  with  dual  hardness  steel  armor, 
and  the  extremely  rugged  ABC  rotor  is  expected  to  demonstrate  the  latter.  Elimination  of 
the  tail  rotor  requirement  further  enhances  the  potential  invulnerability  of  the  system. 
The  simplicity  of  the  rotor  system  makes  it  compatible  with  forward  area  operations  where 
environmental  conditions  are  severe  and  maintenance  capabilities  are  at  a  minimum. 

CONCLUSIONS 

Results  of  over  62  hours  of  operation  of  the  40  ft  diameter  ABC  rotor  at  speeds 
up  to  180  knots,  advance  ratios  up  to  .91,  lifts  over  23,000  lb  and  interrotor  moments  ex¬ 
ceeding  74,000  ft  lb  indicate  the  following: 

.  The  system  lift  capacity  is  over  twice  that  of  articulated  rotors  up  to  180 
knots.  Moreover,  the  design  lift  coefficients  were  maintained  up  to  .91 
advance  ratio. 

.  Measured  performance  is  in  good  agreement  with  that  predicted  by  rigid  blade 
theory. 

.  The  possibility  of  eliminating  the  conventional  rotor  anti-torque  power  re- 
_  qulrements  is  clearly  indicated. 

.  The  principal  control  derivatives  measured  in  the  40  ft  x  80  ft  NASA -AMES 
wind  tunnel  are  well  approximated  by  rigid  blade  theory.  Measured  longi¬ 
tudinal  static  stability  characteristics  are  in  excellent  agreement  with 
flexible  blade  theory. 

y.  Characteristics  of  the  measured  rotor  blade  stresses,  hub  stresses  and  con¬ 
trol  loads  are  as  expected  from  earlier  model  tests  and  analyses.  Minimum 
blade  stresses  occur  in  the  rotor  lift  coefficient  design  range,  stresses 
at  maximum  lift/drag  ratios  are  within  continuous  operating  limits. 

.  Total  fixed  system  vibration  is  lower  than  predicted  in  the  design  lift  co¬ 
efficient  region. 

.  The  rotor  system  was  found  capable  of  operating  over  the  entire  range  of 
wind  tunnel  conditions  without  any  major  mechanical  or  structural  difficul¬ 
ties  and  without  evidence  of  divergent  stresses  or  other  instabilities. 

.  Sufficient  data  were  obtained  to  substantiate  or  modify  the  theories  and 
analyses  necessary  to  design  a  demonstrator  aircraft. 

The  four  year  program  developed  materials  technology  and  fabrication  techniques 
In  sufficient  depth  to  produce  viable  dynamic  system  hardware  for  a  production  ABC  rotor 
aircraft. 


21-9 


Finally,  based  on  the  results  of  the  entire  effort,  it  appears  that  the  capabili¬ 
ties  of  the  ABC  rotor  system  can  be  optimized  and  extended  directly  to  full  scale,  higher 
speed  aircraft. 
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Fig.  9  Completely  Formed  Spar 


Fig.  10  Final  Blade  Assembly 
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Fig.  11  Blade  Sections:  Top  Sta.  60,  Bot.  Sta.  216 
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Fig.  12  Principal  Blade  Modes 


Fig.  14  Exit  Damage  from  7.62  mm  Ball  Ammunition 
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Fig.  15  Field  Repair  of  Ballistic  Damage 


0*1*  1tflC*l  roR  ISOLATCO  *N0 
MON  ISOLATED  CONJURATIONS 


i 

i 


LATERAL  LOADS 
LONGITUDINAL  LOADS 


I 


i..  .-t  —  —  r—  -  1- -  -1 

>  1200  1400  »400  1600 

.  CPM 


INPLANE  LOADS  TO  THE 


Fig.  19  ABC  Rotor  in  NASA-Wind  Tunnel 
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Fig.  18  ABC  Rotor  on  Turbine  Test  Bed 


Fig.  23  Upper  Blade  Damage  at  90%  Radius 
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R.A.E.  EXPERIENCE  IN  THE  USE  OP  A  PILOTED 
GROUND-BASED  SIMULATOR  FOR  HELICOPTER  HANDLING  STUDIES 

by 

T.  WILCOCK 

Royal  Aircraft  Establishment, 

Bedford,  England. 


SUMMARY 

Two  studies  using  a  ground-based  piloted  flight  simulator  for  the  assessment  of  helicopter  handling 
qualities  are  described.  The  first  simulation,  of  a  Westland  Wessex,  was  performed  to  establish  the 
simulation  techniques  required  for  effective  representation  of  handling  behaviour.  The  second  study  was 
of  the  t/estland  lynx,  and  was  conducted,  in  co-operation  with  Westland  Helicopters  Ltd.,  prior  to  the 
first  flight  of  that  helicopter  in  order  to  provide  assistance  in  the  early  development  programme. 

Results  of  the  two  simulations  are  discussed,  and  the  experience  gained  from  these  tests  is  used  to 
suggest  some  requirements  for  valid  simulation. 

1.  INTRODUCTION 

For  over  a  decade,  the  flight  simulator  of  the  Aerodynamics  Flight  Division,  Royal  Aircraft 
Establishment,  Bedford,  has  been  used  for  investigations  into  aircraft  handling  characteristics.  The 
tasks  of  the  Simulator  Section  have  been  threefold;  basic  handling  research  (stability  and  control 
requirements,  operational  techniques  for  new  classes  of  aircraft,  etc.),  assessment  of  handling  qualities 
of  new  aircraft  during  the  early  development  stage  (Concorde,  A300  Airbus,  BAC  221  etc.)  and  advice  on 
simulation  to  manufacturers  and  other  users  of  simulators.  Until  recently  the  work  has  been  concerned 
largely  with  conventional  fixed-win*,  aircraft  (with  two  excursions  into  the  VTOL  field),  particularly  in 
the  areas  of  take-off  and  landing.  However,  the  projected  use  of  the  simulator  as  a  tool  in  helicopter 
handltn-  studies  and  the  need  to  give  advice  on  helicopter  simulation  prompted  a  simulator-flight  com¬ 
parison  of  the  ./eat land  Wessex,  aimed  at  establishing  the  techniques  required  for  representation  of  the 
handling  behaviour  of  a  helicopter.  Once  some  measure  of  confidence  in  this  simulation  had  been  aohieved, 
the  simulator  was  used  for  a  study  of  the  handling  qualities  of  the  Westlard  lynx,  in  preparation  for 
initial  flight  tests. 

This  paper  discusses  both  simulations  and  summarises  some  requirements  for  effective  simulation  of  heli¬ 
copter  handling  qualities  in  the  light  of  R.A.E.  experience  in  thiB  and  previous  fixed-wing  simulations. 

2.  AIMS  OF  THE  SIMULATIONS 

2.1  Wessex  Exercise 

This  preliminary  exercise  was  aimed  at  providing  a  measure  of  confidence  in  the  use  of  the  simulator 
for  helicopter  handling  studies. 

The  problems  to  be  considered  worei- 

(a)  data  required  for  representation  of  the  helicopter  aerodynamics; 

(b)  mechanization  oi  the  aerodynamic  data  and  equations  of  motion  in  a  suitable  form,  particularly 
in  view  of  the  somewhat  limited  computational  capacity  available; 

(c)  effective  incorporation  of  the  pilot  in  the  control  loop  (visual  and  motion  cues  eto.); 

(d)  establishment  of  the  areas  of  validity  and  of  the  limitations  of  the  simulation;  in 
particular,  the  extent  of  limitations  imposed  by  deficiencies  of  data  or  environmental  cues. 

The  .I'essex  was  chosen  as  subject  for  thi3  exercise,  as  3uch  a  helicopter  was  operated  by  the  Aerodynamios 
Flight  Division  (Fig.  l)  and  the  pilots  performing  the  major  part  of  the  simulation  work  were  familiar 
with  it3  handling  features.  It  was  also  hoped  to  obtai:.  direct  comparisons  of  tasks  performed  by  the  same 
pilot  in  the  simulator  and  in  flight.  This  helicopter  i3  a  modified  version  of  the  Sikorsky  5.58,  built 
by  Westland  Helicopters  Ltd. 

2.2  Lynx  Exercise 

Tae  Westland  WG  13  Lynx  is  a  twin-engined  helicopter  with  a  hingeless  rotor  (Fig.  2);  a  4-channel 
automatic  flight  control  system  (AFCS)  is  fitted.  The  hingeless  rotor  gives  higher  control  powers  and 
damping  than  the  conventional  articulated  rotor,  but  also  inherently  imparts  a  greater  degree  of  instab¬ 
ility  to  the  vehicle,  particularly  at  high  speed. 

Simulator  tests  were  conducted  about  five  months  before  the  firct  flight  of  the  lynx  (which  was  on 
21st  March  of  this  year).  The  areas  of  study  included  handling  with  and  without  AFCS  throughout  the 
speed  range,  the  ability  of  the  pilot  to  cope  with  AFCS  failures,  and  possible  handling  improvements  to 
be  derived  from  modification  of  the  AFCS  control  laws. 

3.  DESCRIPTION  OF  THE  SIMULATOR 

The  principal  elements  of  the  simulator  are  shown  in  block  diagram  form  in  Fig.  3>  The  representation 
of  the  helicopter  was  programmed  on  the  analogue  computer  (approx.  200  amplifiers,  80  multiplications)  and 
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responded  to  the  pilot' 3  control  inputs  and  to  disturbances  introduced  by  the  simulator  operator.  Computer 
outputs  fed  the  sources  of  motion,  visual  and  aural  cues  for  the  pilot,  to  enable  him  to  complete  the 
simulation  loop.  Sixteen  computed  variables  were  recorded  by  two  8-channel  pen  recorders,  and  records  of 
the  pilot's  and  operators'  commentary  were  made  during  the  tests. 

Several  of  the  simulator  elements  axe  described  below  in  more  detail. 

3.1  Cockpit  Interior 

The  simulator  cockpit  is  normally  equipped  with  aircraft  controls,  but  for  the  helicopter  work  these 
were  removed)  a  Wessex  cyclic  stick,  spring  and  trim  units,  collective  lever  with  modified  friction  device, 
and  yaw  pedal  damper  were  fitted.  For  the  lynx  simulation,  the  cyclic  forces,  trim  rates,  pedal  damping 
and  the  length  of  the  collective  lever  were  all  altered  to  values  closer  to  those  proposed  for  the  lynx. 

Figures  4  and  5  show  the  cockpit  interior  for  the  two  simulations. 

Flight  instruments  were  limited  to  those  relevant  to  the  handling  studies,  and  were  in  general  modified 
from  appropriate  aircraft  instruments.  The  actual  instrument  layouts  used  were  not  those  of  the  real 
helicopters  but  were  dictated  in  part  by  the  restricted  panel  space  in  the  simulator  cockpit.  Auto¬ 
stabiliser  controls  and  indicators  were  mounted  on  the  left-hand  console  for  the  lynx  exercise. 

3.2  Ifotion  System 

The  motion  system,  shown  in  Fig.  6,  was  originally  built  with  two  axes  motion  (pitch,  with  some 
incidental  vertical  translation,  and  roll),  but  was  modified  just  prior  to  these  simulations  to  give  4 
axes  (pitch,  roll,  yaw,  heave).  The  performance  of  the  various  axes  is  shown  in  Fig.  7  and  table  It  the 
yaw  performance  is  by  far  the  least  satisfactory,  and  was  further  aggravated  by  high  friction  which  caused 
a  sharp  jerk  on  roveraal  of  direction  of  motion. 
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AXIS 

TRAVEL 

VAX.  RATE 

VAX.  ACCELERATION 

Pitoh 

-15° 

40°/sec.  up 
70°/«*o«  down 

100%eo.2  * 

Roll 

-15° 

60°/seo. 

Yaw 

-15° 

35°/seo. 

Heave 

2.3  ft.  up 

1.2  ft.  down 

3  ft./seo. 

- 

16  ft. /sec. 2 

*  Pitch  and  yaw  maximum  acceleration  axe  design  figures;  actual 
values  not  yet  available. 

Attempts  to  improve  the  response  and  eliminate  the  breakout  jerk  were  unsuccessful  (for  reasons  not  yet 
fully  understood)  and  the  false  cue  given  by  the  jerk  swumped  any  useful  cue  that  might  be  derived  from 
this  axis)  yaw  motion  was  not  used  for  the  bulk  of  the  tests. 

3.3  Visual  System 

The  visual  representation  of  the  outside  world  was  provided  by  a  Redxfon  moving  belt  television 
system.  A  television  camera  tracks  over  a  model  of  an  airfield  and  surrounding  countryside  in  response 
to  the  computation  of  the  helicopter's  position  and  attitude)  the  resulting  view  is  presented  cn  a  tele¬ 
vision  monitor  in  front  of  the  pilot.  The  field  of  view  of  the  system  is  somewhat  limited  (approx.  45° 
in  azimuth,  35°  in  pitch)  and  for  the  lynx  simulation  an  extension  of  this  field  of  view  was  obtained  by 
projecting  a  shadow  horizon  line  onto  the  dome  surrounding  the  cockpit.  Viewed  through  translucent  side 
window  panels,  this  division  of  the  external  world  into  light  and  dark  hemispheres  provided  an  additional 
source  of  pitch  and  roll  attitude  information. 

Two  television  models  were  used,  one  on  a  scale  of  1)2000  giving  coverage  of  an  area  12  nm  by  4  nm  up  to 
an  altitude  of  lc,00  ft,  and  the  second  of  1»700  soale,  with  reduced  coverage  (5i  nm  x  2  nm  x  TOO  ft). 

For  the  '.Teasex  simulation,  a  small  fan,  rotating  at  main  rotor  speed  on  top  of  the  cockpit  and  below  a 
light  bulb,  was  u3od  to  oimulute  rotor  flicker.  The  varying  light  intensity  was  detectable  through  the 
semi -opaque  side  windows  of  tho  cockpit.  This  device  was  not  used  for  the  lynx  simulation  as  the  shadow 
horizon  used  in  that  simulation  required  the  same  mounting  points  as  the  flicker  unit. 

3*4  Aural  Cues  Generation 

Aural  cues  were  supplied  from  two  loudspeakers  behind  the  pilot's  seat.  For  the  Vessex  simulation  a 
mixture  of  filtered  white  noi3e  «nd  one  particular  constant  frequency  was  used  to  represent  transmission 
and  engine  noise,  to  which  was  added  a  1/rev.  and  4/rev.  beating  sound  to  sisulato  blade  noise.  The 
intensity  of  the  1/rev.  increased  with  vertical  acceleration  of  the  helicopter.  In  the  lynx  simulation, 
the  frequency  of  the  single  note  was  modified  by  computed  engine  torque,  to  indicate  the  rise  and  fall 
of  engine  speed  under  varying  load  conditions. 


4.  Y/E3JEX  SIMULATION  -  PROGRESS  All!)  RESULTS 


This  section  is  a  summary  of  the  problems,  limitations  and  effectiveness  of  the  .Yessex  exercise,  the 
account  being  divided  between  those  factors  concerning  the  mathematical  representation  of  the  helicopter, 
and  those  affecting  the  presentation  of  the  vehicle  to  the  pilot.  However,  there  is,  of  necessity,  a 
substantial  link  between  the  two  areas. 

4.1  Mathematical  Model 

A  comprehensive  simulation  of  a  helicopter  is  far  more  complex  than  the  fixed-wirg  studies  previously 
performed  on  the  Aerodynamics  Flight  Division  simulator,  and  the  first  problem  to  be  encountered  wa3  that 
of  fitting  an  adequate  representation  of  the  helicopter  within  the  limited  computer  capacity.  It  is 
worth  quoting  hero  from  a  paper1  given  to  the  American  Helicopter  Society  which  described  a  simulation  of 
the  CH46  twin  rotor  helicopter  on  a  950-amplifier  computer!  "Considerable  manpower  and  effort  ....  and  a 
constant  struggle  to  remain  within  the  limits  of  computer  capacity  and  motion  base  travel  were  required 
to  obtain  a  useful  simulation". 

For  the  .'Ye 3sex  simulation,  only  200  amplifiers  were  available,  which  inevitably  led  to  simplifications 
in  the  modelling  of  the  representation  of  the  helicopter,  but  with,  it  was  hoped,  minimum  loss  of  fidelity 
in  those  areas  relevant  to  the  aims  of  the  exercise.  It  was  decided  to  place  emphasis  on  simulation  of 
handling  in  normal  flight  conditions,  paying  little  attention  to  extremes  of  speed  or  manoeuvre.  Perfect 
engine  governing  was  assumed,  giving  constant  rotor  speed  in  the  aerodynamic  equations.  A  simple  blade 
element  approaoh,  with  uniform  downwash  distribution,  was  used  for  the  main  rotor;  blade  stall  and  com¬ 
pressibility  effects  were  ignored.  Quasi-static  flapping  and  coning  were  assumed,  and  a  much  simplified 
tail  rotor  representation,  synthesised  from  wind  tunnel  test  results,  was  used.  The  form  of  kinematic 
equations  chosen  led  to  indeteroinacies  at  zero  airspeed)  however,  hovering  relative  to  the  ground  was 
achieved  by  performing  tests  in  a  headwind  of  10-15  kt. 

Semi-empirical  body  forces  and  moments  were  adapted  from  values  previously  used  in  computer  studies  by 
.,'estland  Helicopters  Ltd.  (WHL).  Aerodynamic  ground  effects  and  the  dynamics  of  the  landing  gear  were 
not  included  in  the  simulation.  Ground  contact  was  simulated  by  inhibiting  portions  of  the  computation 
until  thrust  exceeded  weight. 

4.2  Comparison  of  lathamatical  Model  with  Flight  Data 

Shortly  before  the  simulation,  some  flight  measurements  of  trims  and  control  responses  were  taken  in 
the  Wessex  helicopter  operated  by  the  Aerodynamics  Flight  Division,  for  the  purpose  of  comparison  with 
the  simulator  representation.  It  was  impracticable  at  the  time  to  fit  instrumentation  appropriate  to  the 
validation  tests  and  the  measurements  were  necessarily  limited;  in  particular,  no  direct  measurements  could 
be  taken  of  blade  flapping  or  feathering  or  of  fuselage  sideslip  angle.  In  order  to  obtain  values  of  the 
blade  angles,  the  pilot's  contrrl  positions  were  recorded,  and  all  teat3  were  performed  without  auto¬ 
stabiliser  (which  would  have  added  unmeasured  inputs  to  the  pilot's  commands).  In  this  unstabilised 
conditicr.,  steady  trim  values  were  hard  to  obtain,  and  responses  were  soon  terminated  by  large  vehicle 
attitudes.  The  amount  of  information  derived  from  the  flight  teats  was  thus  less  than  had  been  hoped, 
and  much  of  the  assessment  of  the  simulation  had  to  rely  on  qualitative  pilot  assessment  rather  than 
quantitative  data  and  response  comparisons. 

Fig.  8  shows  trim  data  for  simulator  and  flight  tests.  The  shapes  of  the  longitudinal  cyclic,  collective 
pitch  and  pitch  attitude  data  points  are  similar  in  flight  and  simulator,  though  there  is  a  degree  or  so 
difference  between  collective  pitch  results  (so  far  unexplained,  but  most  likely  due  to  instrumentation 
errors  in  the  aircraft  since  the  simulator  values  agree  with  WHL  flight  measurements).  The  lateral 
cyclic  figure  shows  a  difference  in  shape  due  to  the  assumption  of  uniform  downwash  in  the  simulator  -  a 
simplification  having  minor  effect  on  the  response  characteristics  of  the  helicopter,  and  employed  because 
of  lack  of  computer  capacity. 

As  initially  set  up  and  flown,  the  simulated  Wessex  exhibited  a  marked  lack  of  camping  in  yaw  compared 
with  the  actual  helicopter,  and  significant  left  pedal  was  required  for  trim,  the  amount  increasing  with 
speed  whereas  in  real  life  the  pedals  remain  close  to  central  over  a  large  portion  of  the  speed  range. 
Flight  measurements  of  tail  rotor  angle  and  main  rotor  torque  suggested  that  downwash  from  the  main  rotor 
was  acting  on  the  fuselage  and  fin  to  provide  some  of  the  balancing  torque  and  hence  reducing  the  amount 
of  tail  rotor  pitch  required.  In  the  forward  flight  condition,  the  downwash  through  the  tail  rotor  would 
also  reduce  the  pedal  angle  for  a  given  rotor  thrust.  'Thumbnail'  calculations  on  the  magnitude  of  such 
forces  showed  that  the  downwash  could  make  a  significant  contribution  both  to  the  shift  of  the  pedal 
position  and  to  the  damping  in  yaw;  the  rather  tentative  values  from  these  calculations  were  included  in 
the  simulator  model,  giving  yaw  damping  which  appeared  to  the  pilots  to  be  closer  to  real  flight,  and 
removed  3ome  of  the  offset  pedal  displacement.  The  plot  of  tail  rotor  angle  in  Fig.  8  shows  tne  revised 
simulator  values.  The  comparison  is  still  not  satisfactoiy,  but  tail  rotor  angle  is  sensitive  to  side¬ 
slip  of  the  helicopter  and  this  was  r.ot  measured  in  flight.  Further  resolution  of  the  discrepancy  was  not 
possible  with  the  limited  flight  instrumentation. 

4« 3  Motion  Drives 


The  philosophy  behind  the  form  of  drive  laws  used  for  the  motion  system  is  one  that  is  in  common 
use,  any  minor  differences  between  simulators  being  imposed  by  the  particular  limits  of  the  motion 
system  in  use.  Staples  has  described  the  philosophy  in  his  paper*  to  the  ACAPD  Fil P  Symposium  on 
Simulation;  a  brief  outline  of  the  general  principles  is  given  below. 

The  motion  sensors  of  the  inner  ear  are  of  two  kinds,  the  semi-circular  canals  sensing  rotational  motion, 
and  the  utricles  which  are  sensitive  to  linear  acceleration;  choice  of  motion  drive  laws  is  concerned 
with  effective  stimulationof  these  two  sets  of  sensors.  Consider  firstly,  roll  motion  of  the  simulator; 
motion  about  this  axis  will  stimulate  both  sets  of  receptors,  the  semi-circular  canals  by  direct  rotation 
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and  the  utricles  by  reorientation  with  respect  to  the  gravitational  vector.  Thus  in  the  prov.  ion  of 
rolling  cues  by  roll  of  the  cockpit,  undesirable  lateral  acceleration  cues  will  result,  and  conversely, 
use  of  the  motion  to  provide  a  lateral  acceleration  cue  will  involve  spurious  rolling  sensations.  This 
conflict  is  resolved  (or  more  correctly,  a  compromise  is  achieved)  by  considering  the  initial  motion 
response  after  a  disturbance  to  be  of  prime  importance.  The  pilot's  first  indication  of  an  external  dis¬ 
turbance  or  of  the  magnitude  of  response  to  a  control  input  is  from  the  motion  -  he  detects  acceleration. 
This  will  be  followed  by  cues  of  velocity  and  position  from  visual  sources  (outside  world,  instruments). 
Then,  if  the  initial  motion  cue  is  correct,  subsequent  false  cues  imposed  by  the  simulation  limits  will  to 
some  extent  be  masked  by  the  correct  visual  cues  that  the  pilot  is  by  then  receiving.  With  this  principle 
in  mind,  a  suitable  roll  motion  law  is*t 


cockpit  roll  angle 


t  (2iL) 

1  W1s/ 


x  aircraft  roll  angle 


+  Kz(ub) 


x  aircraft  lateral  acceleration 


The  first  term  in  this  expression  gives  an  initial  roll  response  like  that  of  the  real  helicopter  (but 
reduced  by  gain  K. ),  but  then  washes  out  the  signal  so  that  for  sustained  back  angle  the  simulator  cookpit 
returns  to  wings  level  and  does  not  expose  the  pilot  to  a  false  lateral  acceleration  cue.  The  second 
term  provides  roll  angle  as  a  source  of  lateral  acceleration  cues,  but  is  lagged  to  minimise  the  false 
rotational  cues  generated  in  reaching  this  roll  angle.  Inevitably,  high  frequency  components  of  lateral 
acceleration  are  lost  (but  those  could  be  replaced  if  sway  motion  were  available). 


A  directly  analogous  approaoh  is  used  for  the  pitch  motion  and  a  similar  emphasis  on  initial  cues  leads 
to  a  heave  drive  lew  of 


cockpit  motion  =  Kj 


2 


x  aircraft  vertical  displacement 


The  motion  scheme  outlined  above  has  been  used  with  success  by  R.A.E.  in  simulation  of  fixed  wing  air¬ 
craft,  and  was  similarly  used  for  the  helicopter  studies.  Sue  to  the  limited  travels  available  and  to 
the  desire  to  avoid  rapid  washout  or  large  false  cues,  there  has  to  be  some  compromise  between  gain  K 
and  time  constant  v  for  the  various  axest  values  were  optimised  by  pilot  assessment.  For  these  simula¬ 
tions  the  values  were  approximately  as  given  in  the  following  table  (there  were  minor  differences  between 
the  two  simulations  and  variations  were  tried  for  particular  tasks  )i 


TABLE  2 


The  signal  used  to  provide  aural  cues  of  l/rev.  and  4/rev  rotor  noise  was  also  fed  to  the  pitch  motion 
to  give  an  impression  of  rotor  vibration. 


4. 4  Pilots'  Comments 

The  following  section  is  a  compilation  of  comments  made  by  pilots  during  and  after  simulator  trials. 
Thirty-six  pilots  flew  the  simulator)  of  these,  12  were  familiar  with  the  Wessex. 

In  preparing  this  simulation,  the  original  Intention  was  to  consider  only  the  higher  speed  end  of  the 
flight  envelope.  The  limited  motion  capability,  restricted  field  of  vier  and  poor  performance  of  the 
moving  belt  display  at  very  low  speeds  led  to  the  belief  that  simulation  of  the  hover  would  probably  be 
unsatisfactory)  however,  hovering  ?  a  included  for  completeness  and  to  give  a  full  assessment  of 
simulation  limits.  It  is  not  surr  :clng  therefore,  that  the  bulk  of  criticism  was  directed  at  the  simu¬ 
lation  of  flight  near  the  hover.  particular,  height  judgement  from  the  visual  display  was  poor,  and 
the  limited  heave  motion  did  not  giv6  the  pilots  sufficient  awareness  of  the  magnitude  of  their  collective 
pitch  inputs.  There  was  mechanical  slack  in  the  drive  to  the  television  belt,  masking  a  change  from 
forward  to  rearward  flight  until  this  slack  was  taken  up,  by  which  time  the  helicopter  could  have  picked 
up  a  significant  speed  (it  should  be  noted  that  this  TV  system  was  not  intended  for  rearward  flight). 
Pilots  commented  that,  "once  off  the  ground  the  major  problem  was  height  judgement  due  to  the  poor  visual 
oues"  -  "it  was  impossible  to  judge  the  last  15  feet”  -  "it  is  difficult  to  know  when  you  have  stopped 
moving" . 

Another  area  of  adverse  comment  was  that  of  yaw  oontrol,  in  spite  of  the  modifications  to  the  aerodynamic 
representation.  The  incorrect  pedal  position  with  change  of  speed  was  critioised  and  the  pedals  were 
described  as  'sloppy',  'light'  ind  'loose'.  The  yaw  response  felt  underdamped  compared  with  that  of  the 
real  helicopter. 


I 

In  implementation  on  the  computer,  the  first  term  is  rearranged  to  give  K.yr— — 
rate,  to  avoid  problems  of  axis  resolution.  +  1 


x  aircraft  roll 
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In  other  than  these  two  areas,  criticism  was  generally  minor.  It  was  very  pleasing  to  find  the  overall 
acceptance  of  the  simulation  by  all  but  one  or  two  of  the  pilots,  particularly  in  view  of  their  wide  range 
of  backgrounds  and,  for  a  high  proportion  of  them,  the  absence  of  previous  simulator  experience.  All  felt 
that  the  impression  of  the  size  of  the  helicopter  was  correctly  conveyed)  those  who  were  familiar  with 
the  Vt'essex  were'  more  particular  in  both  their  criticism  end  their  praise.  Stabilised  and  unstabilised 
flight  conditions  were  evaluated  and  "the  real  relationship  (between  the  two  conditions)  was  almost 
universally  reproduced".  Although  the  visual  and  motion  deficiencies  made  precise  hovering  harder  than 
in  real  life,  it  was  3till  felt  that  this  "didn't  invalidate  the  usefulness  of  the  simulation  for  this 
mode  of  flight")  assessment  of  cyclic  control  power  and  response  was  still  possible  and  relevant. 

A  number  of  deficiencies  of  the  cockpit  layout  were  criticised)  "the  instruments  are  too  close,  making 
scanning  very  difficult"  -  "the  small  outside  world  confuses  me"  -  "1  am  not  sitting  in  a  normal  flying 
position".  However  "the  mainfold  deficiencies  of  the  cockpit  were  considerably  more  apparent  when  enter* 
ing  than  when  flying  the  simulator.  Once  involved  in  a  task  the  fact  that  you  are  using  'normal*  flying 
controls  mostly  overshadows  the  strangeness  of  the  surroundings". 

Most  pilots  were  impressed  by  the  effectiveness  of  cockpit  motion,  both  for  its  contribution  to  the  pilot's 
environment,  and  as  a  source  of  controlling  cues.  Without  motion  "it  i3  non-aircraft"  -  "I  feel  that  I  am 
sitting  still  with  the  world  moving  beneath  me"  -  "control  is  more  difficult",  and  "only  the  motion 
enables  me  to  fly  this  aircraft  in  the  unstabilised  mode".  Motion  helped  the  pilot  to  gauge  the  size  of 
his  control  inputs,  resulting  in  reduced,  but  more  efficient,  stick  activity.  The  rotor  shake  added 
considerably  to  the  environment  -  the  increase  in  vibration  level  when  pulling  'g'  was  particularly 
liked. 

Summarising,  there  was  general  acceptance  that  a  useful  representation  of  Wessex  handling  had  been 
achieved,  with  reservations  on  the  simulation  of  yaw  behaviour  and  the  hover.  It  was  felt  that  the 
addition  of  yaw  motion  would  do  much  to  remove  the  impressions  of  underdamped  and  loose  response  (removal 
of  pitch  cr  roll  motion  led  to  similar  impressions  of  poor  control  in  those  axes)  and  efforts  were  made  - 
without  success  -  to  bring  the  yaw  motion  to  a  satisfactory  state  for  the  lynx  exercise. 

Overall,  therefore,  the  simulation  of  the  Wessex  enabled  that  of  the  lynx  to  be  approached  with  reasonable 
confidence,  but  any  problems  that  might  occur  in  yaw  or  hover  control  were  to  be  interpreted  with  caution. 

5.  LYNX  SIMULATION 

This  simulation  was  conducted  in  close  co-operation  with  the  test  pilotB  and  aerodynamics  staff  of 
V/eatland  Helicopters  Ltd.,  the  WHL  pilots  performing  sell  over  half  the  total  tests)  pilots  from  the 
R.A.E.  provided  the  remaining  contribution.  Tests  were  directed  at  the  handling  of  the  basic,  unstabilised 
helicopter,  the  benefits  obtained  from  the  automatic  flight  control  system  (AFCS)  and  the  suitability  of 
the  AFCS  laws,  pilot  reaotion  to  AFCS  failures,  and  the  identification  of  possible  problem  areas. 

The  lynx  has  now  started  flight  trials,  which  allows  soma  assessment  of  tho  effectiveness  of  the  simulation. 
A  complete  comparison  if  not  possible  at  the  present  time,  but  one  or  two  areas  of  particular  interest 
will  be  discussed. 

5.1  Mathematical  Model 

The  model  used  for  this  exercise  was  more  detailed  than  that  of  the  Wessex  simulation.  The  simpli¬ 
fications  of  constant  rotor  speed,  quasi-statio  coning  angle,  ar.d  the  lack  of  ground  effeot,  landing  gear, 
blade  stall  and  compressibility  effeota  were  still  present,  but  the  model  included  flapping  as  a  first 
order  motion,  non-uniform  downwash,  and  a  detailed  tail  rotor  representation.  The  equations  were  gener¬ 
ated  in  a  form  which  avoided  indeterminacies  at  the  hover,  removing  the  zero  speed  limitation  of  the 
Wessex  simulation.  The  whole  model  was  derived,  with  minor  simplifications,  from  that  used  by  WHL  for 
fixed-base  simulation  and  computer  Btudies. 


The  stabilised  helicopter,  as  represented  on  the  simulator,  was  a  pleasant,  responsive  machine  with 
ample  control  power  in  all  axes.  The  AFCS  provided  attitude  stabilisation  in  pitch  and  roll  (rate  stabili¬ 
sation  for  large  roll  angles),  rate  damping  in  yaw  and  a  collective  pitch  channel  driven  by  normal 
acceleration  (the  collective  pitch  acceleration  control,  CAC).  The  unstabilised  aircraft  wsb  easily 
controlled  in  roll  throughout  the  8 peed  range)  pitch  presented  no  major  difficulties  until  beyond  100  kt., 
when  the  basic  instability  of  the  rigid  rotor  gave  a  divergent  but  still  controllable  response.  Control 
could  be  retained,  with  a  high  pilot  workload,  up  to  the  maximum  speed  simulated  of  160  kt.  Addition  of 
the  CAC  improved  the  stability,  postponing  divergence  to  around  120  kt.  and  giving  easier  control  through¬ 
out  the  speed  range. 

Previous  fixed-base  tests,  using  the  same  mathematical  m>del,  had  suggested  a  limit  of  controllability  of 
around  100  kt.,  so  the  present  tests  gave  more  confidence  for  the  initial  night  trials,  which  were  per¬ 
formed  without  stabilisation. 

The  lynx  has  now  flown  with  and  without  CAC  up  to  160  kt.,  and  the  pitch  and  roll  behaviour  of  the  heli¬ 
copter  has  been  much  as  predicted  by  the  simulator  tests.  This  close  similarity  between  flight  and 
simulator  has  given  confidence  in  the  simulator  predictions,  thus  allowing  more  rapid  progress  ir>  early 
flight  tests  than  would  otherwise  have  been  advisable. 

It  ie  worth  mentioning  one  or  two  other  results  of  this  exercise.  Firstly,  the  pitch  and  roll  trim  rates 
chosen  for  the  aircraft  were  assessed  in  the  simulator  and  found  to  be  far  too  low  for  pilot  convenience) 
initial  flight  testa  confirmed  this,  and  trim  rates  are  now  being  increased.  Secondly,  the  two  signifi¬ 
cant  problems  encountered  in  the  Wessex  simulation,  yaw  control  and  hover  representation,  again  were  in 
evidence.  Height  control  near  the  hover  was  even  harder  than  with  the  Wessex  simulation  because  of  the 
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high  gearing  of  the  collective  control  and  there  were  slight  fears  that  the  control  might  be  over¬ 
sensitive  in  the  real  aircraft.  Flight  tests  have  proved  the  fears  to  be  groundless;  although  the 
collective  control  is  undoubtably  powerful,  there  is  no  tendency  to  overcontrol. 

In  the  simulator,  yaw  damping  appeared  poor  at  the  hover,  a  feature  which  again  has  not  been  evident  in 
flight. 

6.  DISCUSSION 

6.1  Results  of  the  Two  Simulations 

The  validation  simulation  of  the  Wessex  received  general  acceptance  by  a  large  number  of  pilots.  A 
useful  simulation  was  achieved  even  with  a  relatively  small  computing  capacity  and  limited  visual 
capability.  There  were  two  major  weaknesses;  the  simulation  of  yaw  behaviour,  and  of  height  control 
near  the  hover.  It  is  interesting  to  note  that  both  these  problems  occurred  in  attempting  close  control 
of  axes  for  which  little  or  no  motion  cue3  were  present.  The  pitch  and  roll  motion  capability  of  the 
simulator  is  quite  good,  and  no  significant  problems  were  encountered  in  control  about  these  two  axes. 
There  was  no  yaw  motion  -  and  yaw  control  appeared  loose  and  underdamped  at  all  speeds.  Reave  motion  was 
very  limited  -  and  height  control  became  a  problem  at  the  hover  when  fine  and  continuous  use  of  collective 
pitch  was  required,  and  where  control  of  motion  in  the  vertical  plane  becomes  largely  independent  of 
pitching  motions.  At  speed,  the  collective  lever  is  in  general  more  of  a  trimming  device  than  a  contin¬ 
uous  control,  and  short-term  height  control  is  achieved  by  pitch  changes  as  much  as  (if  not  more  than) 
by  collective  lever  inputs.  In  the  simulator  it  was  quite  easy  to  fly  at  speed  at  very  low  altitude, 
with  adequate  control  of  height;  the  pitching  motions  gave  the  pilot  information  about  change  of  flight 
path,  information  which  rear  the  hover  came  from  the  weak  heave  cues  and  inadequate  visual  display.  The 
major  deficiencies  of  the  simulation  can  thus  be  attributed  in  large  part  to  inadequate  motion  cues.  It 
is  worth  repeating  that  the  limitations  of  the  visual  display  were  an  undoubted  contribution  to  the 
difficulty  in  hovering,  but  it  is  considered  that  the  lack  of  motion  is  more  significant.  The  motion 
provides  acceleration  cues  which  are  phase  advanced  relative  to  the  weak  visual  cues  of  rate  and  enable 
them  to  be  interpreted  more  readily;  the  converse  does  not  apply  (it  has  been  shown  that  powerful  visual 
cues  will  disorientate  pilots  in  the  absence  of  corresponding  motion). 

The  aerodynamics  of  the  fuselage,  including  the  interaction  between  the  main  rotor  downwash  and  the  fuse¬ 
lage  and  tail  rotor,  can  play  a  significant  part  in  the  handling  behaviour  of  a  helicopter.  'Thumbnail1 
calculations  on  the  effects  of  downwash  on  fin  and  fuselage  for  the  Wessex  suggested  a  damping  contri¬ 
bution  from  that  source  as  large  as  that  obtained  from  the  tail  rotor.  More  accurate  assessment  of  these 
effects  is  necessary,  and  the  simulation  has  been  useful  in  indicating  a  problem  area  and  the  need  for 
more  supporting  data. 

Initial  feedback  from  flight  tests  suggests  that  the  lynx  simulation  has  been  valuable  in  giving  confid¬ 
ence  to  early. flight  work.  The  good  read-acroos  from  simulator  to  flight  in  terms  of  stability  and 
controllability  has  enabled  a  more  rapid  expansion  of  the  flight  envelope  than  would  have  been  advisable 
without  the  simulator  tests.  Although  the  Simulator  Section  is  no  longer  directly  involved  in  the  lynx 
flight  development  programme,  contact  is  being  maintained  with  WHL  so  that  comparison  of  the  simulation 
with  flight  results  can  be  used  to  benefit  future  simulation  work. 

6.2  Thoughts  on  Simulation  Improvements  and  Requirements 


The  above  conclusions  have  indicated  where  simulation  improvements  are  desirable.  In  particular, 
improved  yaw  and  heave  motion  could  prove  very  valuable.  The  requirements  for  angular  motion  can  be 
quite  modest;  for  example,  there  is  little  virtue  in  having  more  than  * 10 0  or  15°  of  roll  motion  -  the 
lateral  acceleration  cues  generated  at  15°  bank  are  probably  as  large  as  would  normally  be  directly 
required,  and  far  larger  than  can  be  tolerated  as  a  false  cue.  A  similar  amount  of  pitch  is  adequate 


unless  extreme  vehicle  attitudes  are  being  simulated  and,  if  similar  yaw  motion  drive  laws  are  used, 
*15°  of  yaw  should  suffice. 


The  problem  axis  is,  of  course,  heave.  Here  one  can  provide  only  a  very  watered-down  simulation  of  the 
real  aircraft  motion,  except  for  certain  limited  tasks  such  as  precision  hovering.  Provision  of  linear 
motions  is  expensive  and  space-consuming;  as  a  result,  most  motion  systems  are  limited  to  two  or  three 
feet  of  heave  travel,  which  appears  to  be  insufficient  to  provide  the  cues  necessary  in  direct  control 
of  the  vertical  motion  of  the  helicopter.  However,  for  tasks  in  which  control  is  primarily  through  the 
rotational  axes,  i.e.  in  the  bulk  of  flying  away  from  the  hover,  the  representation  of  vehicle  motions 
can  probably  be  adequately  presented  by  the  angular  motions. 


Qualitative  impressions  of  simulated  flight  with  and  without  motion,  and  the  difficulties  experienced 
in  those  axes  with  limited  or  no  motion,  lead  to  a  belief  that  motion  is  essential  to  produce  handling 
results  that  can  be  interpreted  with  any  reasonable  degree  of  confidence.  The  cost  of  a  motion  system 
with  adequate  angular  motions,  and  some  heave  travel,  should  not  represent  too  large  a  proportion  of  the 
total  cost  of  a  simulation  facility. 


The  other  major  deficiency  encountered,  an  inadequate  visual  display  at  the  hover,  presents  greater 
problems.  The  television  type  of  display  is  very  expensive,  and  for  many  purposes  (excluding  the  hover) 
a  simple  presentation  of  attitude  might  be  sufficient.  Figure  9  shows  a  shadow  horizon  presentation 
similar  to  that  used  to  8upplement  the  television  picture  in  the  lynx  simulation  -  the  costs  of  this 
device  are  relatively  low. 


For  hovering  flight,  position  information  is  also  required,  and  preferably  with  a  greater  field  of  view 
than  that  provided  by  the  television  display.  A  number  of  shadow  displays  have  been  used  in  the  past 
(e.g.  by  Northrop  in  their  rotational  simulator^).  R.A.E.  are  at  present  developing  a  similar  system  for 
use  in  hovering  and  low  speed  flight;  this  form  of  display  is  again  costly,  with  major  problems  of  drive 
accuracy,  light  output,  and  mounting  rigidity.  It  is  worth  repeating  that  the  simple  shadow  presentation 
of  attitude  could  be  adequate  for  quite  a  wide  range  of  tasks. 
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7.  CONCLUSIONS 

A  validation  simulation  of  the  Westland  Wessex  has  achieved  overall  success  in  the  representation 
of  handling  characteristics,  although  flight-simulator  comparison  was  based  largely  on  qualitative  pilot 
opinion  and  not  on  direct  flight  measurements.  Two  areas  of  simulation  difficulty  (yaw  and  hover  control) 
were  revealed,  and  the  relevance  of  motion  cues  to  these  problems  has  been  considered.  It  has  been  found 
that  effective  simulation  of  the  handling  behaviour  of  the  Wessex  was  possible  even  with  a  limited 
computational  capacity  and  hence  a  simplified  representation  of  the  helicopter  aerodynamics. 

The  simulation  of  the  Westland  lynx,  performed  prior  to  first  flight  of  the  helicopter,  has  been  valuable 
in  giving  confidence  to  early  flight  tests  and  has  made  possible  a  more  rapid  expansion  of  the  flight 
envelope  than  could  have  been  achieved  in  the  absence  of  the  simulation. 

In  the  future,  it  is  hoped  to  follow  this  initial  excursion  into  rotaiy  wing  simulation  with  general 
studies  of  helicopter  handling  to  supplement  the  research  work  of  the  helicopter  divisions  of  the  R.A.E. 
and  to  develop  motion  and  visual  systems  to  aohieve  greater  simulation  fidelity. 
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fig  1  Westland  Wescex 
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Fig  4  Cockpit  Interior,  Weises  Sinalitlon 
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